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antibody to nontumor cells via the heavy 
chain constant regions (4). When Fab frag- 
ments, consisting of the variable region and 
the first constant region, have been used the 
background problem has been partially cir- 
cumvented (4). Therefore, a better molecule 
to use as an imaging or delivery agent would 
be the Fv fragment, which consists of only 
the Vl and V H domains. Unfortunately, 
there have been few reports of the successful 
isolation of Fv fragments by proteolytic 
digestion of intact antibody molecules (5). 

The idea for the design and synthesis of 
single-chain antigen- binding proteins was 
conceived during attempts to circumvent 
problems encountered when expressing 
antibody genes in Escherichia coli and to 
avoid problems associated with reassocia- 
tion of Fv fragments. These proteins consist 
of the V l and V h sequences synthesized as a 
single polypeptide chain, with the carboxyl 
terminus of the V L linked by a designed 
peptide to the amino terminus of the V H . 
Both chains are therefore expressed in equi- 
molar concentrations, and the covalent link- 
ing of the two chains facilitates the associa- 
tion of the Vl and Vh domains after fold- 
ing. 

Determination of the three-dimensional 
structures of antibody fragments by x-ray 
crystallography has led to the realization 
that variable domains arc each folded into a 
characteristic structure composed of nine 
strands of closely packed p- sheets. This 
structure is maintained despite sequence 
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Single-chain antigen-binding proteins are novel recombinant polypeptides, composed 
of an antibody variable light-chain amino acid sequence (V L ) tethered to a variable 
heavy-chain sequence (V H ) by a designed peptide that links the carboxyl terminus of 
the V L sequence to the amino terminus of the V H sequence. These proteins have the 
same specificities and affinities for their antigens as the monoclonal antibodies whose 
Vl and V H sequences were used to construct the recombinant genes that were 
expressed in Escherichia coli . Three of these proteins, one derived from the sequence for 
a monoclonal antibody to growth hormone and two derived from the sequences of two 
different monoclonal antibodies to fluorescein, were designed, constructed, synthe- 
sized, purified, and assayed. These proteins are expected to have significant advantages 
over monoclonal antibodies in a number of applications. 



T ypical antibodies are composed 
of four polypeptide chains, two light 
chains of about 220 amino add resi- 
dues and two heavy chains of about 440 
amino adds (I). These chains fold into 
domains of approximately 110 amino adds, 
assuming a conserved three-dimensional 
conformation (2). The domains associate to 
form discrete structural regions. The antigen 
binding or variable regions are formed by 
the interaction of the variable light (Vl) and 
variable heavy (V H ) domains at the amino 



termini of the chains. The first constant 
regions are formed by interaction of the 
remainder of the light chain and the first 
constant domain of the heavy chain. Two or 
three additional constant regions arc formed 
by interaction of the two heavy chains. The 
heavy chain constant regions arc responsible 
for effector functions, such as complement 
fixation and binding to receptors (3). 

The high background present when intact 
antibodies have been used to image tumors 
is in large part due to the binding of the 




Fig- 1. An alpha-carbon model of the anti-BGH 
3C2/59 single-chain antigen- binding protein. The 
V L is red, the V H is blue, and the linker is green. 

The model was generated by superimposing the 
sequences of the 3C2 V L and Vh domains of the 
single-chain antigen- binding protein onto the 
structure of the variable region of MCPC603 (9). 

The sequence of the protein depicted is MENV 

LTQSPAIMSASPGEKVTMTCRASSSVS 

ssylhwfqqksgaspklwiystsnla 
sgvparfsgsgsgtsysltissveaeda 
atyycqqysgypltfgagtklkesgs 

VSSEQLAQFRSLD VQLVF.SGGnTvTrp 

ggslklsCaasgftfisygmswvrqt 

PDKRLEWVATISSGSTYTYYPDSVKG 
RFTISRDNAKNTLYLQMSGLKSEDTA 
MYYCARRITTVVLTDYYAMDYWGQ 

GTSVTVS; with the linker region underlined. 

Abbreviations for the amino acid residues are as 
follows: A, Ala; C, Cys; D, Asp; E, Giu; F, 

Phe; G, Gly; H, His; I, lie; K, Lys; L, Leu; M, 

Met; N, Asn; P, Pro; Q, Gin; R, Arg; $, Scr; 

T, Thr; V, Val; W, Trp; and Y, Tyr. The linker, 

which in this case is derived from a segment of human carbonic anhy- 
drasc, spans from residue 105 of the V L to residue 2 of the V H with the 
use of the Rabat numbering system (7). The carboxyl terminus corre- 
sponds to residue 116 of the V Hj after which a stop codon was intro- 



duced. A methionine was inserted in front of the V L for expression in E 
coli. The single-chain antigen- binding proteins have been designated bv 
the monoclonal name (for example, 3C2) with the number of the de- 
signed linker sequence after the diagonal mark (for example, 3C2/59) 
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variation in the V L and V H domains (6). 
Analysis of antibody primary sequence data 
has established the existence of two classes 
of variable region sequence: hypervariable 
sequences and framework sequences (7). 
The framework sequences are responsible 
for the correct ft-sheet folding of the V L and 
Vh domains and for the interchain interac- 
tions that bring domains together. Each 
variable domain contains three hypervaria- 
ble sequences, which appear as loops at one 
end of the p-sheets. The six hypervariable 
sequences of the variable region, three from 
the Vl and three from the V H , form the 
antigen-binding site and are therefore 
named the complementarity determining re- 
gions (CDRs). 

The design of the single-chain antigen- 
binding protein was based on the assump- 
tion that the molecular interactions respon- 
sible for the conserved structure, determined 
by the framework sequences, would assure 
that proper folding of the individual V L and 
V H domains would occur when tethered by a 
short peptide linker. Linkers of different 
designs have been used to join the V L and 
V H sequences. 

A computer-assisted method (8) was used 
in designing the first group of linkers. Since 
the variable domains of antibodies appear to 
have homologous three-dimensional struc- 
tures, we based our modeling on the previ- 
ously published structure of the Fab frag- 
ment of MCPC603, a mouse myeloma pro- 
tein that binds phosphorylcholine (9). De- 
sign of the polypeptide linker was initiated 
by selecting specific amino acids, one near 
the carboxyl terminus of the V L sequence 
and one near the amino terminus of the V« 
sequence. A computer program was then 



used to search libraries of three-dimensional 
peptide structures derived from the Brook- 
haven Protein Data Bank for peptides of the 
proper molecular dimensions to span the 
distance in space between the selected amino 
acids. The number of potential peptides was 
reduced by specifying that the angle of the 
peptide bonds at the ends of the linker 
peptide match the angles of the bonds at the 
selected amino acids on either side of the 
linker. Structures of the remaining potential 
linker peptides were superimposed onto the 
MCPC603 variable region structure by 
computer graphics. The peptides that had a 
conformation that interfered with the Fv 
structure were discarded. This process was 
repeated with different amino acids as linker 
attachment sites to identify a number of 
peptides that could be used to link the V L 
and V H regions of antibodies to create sin- 
gle-chain antigen-binding proteins. The 
linker in single-chain antigen- binding pro- 
teins to bovine growth hormone (BGH), 
3C2/59, and to fluorescein, 18-2-3/59, was 
designed by this method. A model of the 
three-dimensional structure of 3C2 /59 pro- 
tein is shown in Fig. 1. 

Additional linkers were designed by the 
incremental addition of single amino acids 
or short peptides extending from the car- 
boxyl terminus of the V L to the amino 
terminus of the V H . Some linkers were 
designed to minimize interactions with the 
Fv and others were designed to fit into a 
groove on the back of the Fv structure with 
the use primarily of alternating glycine and 
serine residues with glutamic acid and lysine 
residues included to enhance solubility. The 
linkers in the single-chain antigen-binding 
proteins to fluorescein 18-2-3/202 and 4-4- 



Flg. 2. The 3C2/59 gene was constructed for 
easy insertion into an E, coli expression vector 
such that an ATG codon is placed directly in 
front of the first codon of the light chain se- 
quence. Expression is controlled by the hybrid X 
phage promoter (18). The resulting strain con- 
taining the CI857 temperature-labile repressor 
gene and the expression plasmid was induced by 
raising the culture temperature to 42°C. Over- 
night growth of the expression strain GX6539 
at 42°C resulted in the production of 3C2/59 
protein at greater than 10% of the total cell 
protein. Cells that had been induced in the pres- 
ence of [ 35 S]methionine were disrupted by two 
passes through a French Pressure Cell at 1600 
psi. The crude inclusion bodies were recovered 
by differential centrifugation, dissolved in 50 
m M glycine, pH 10.8, 9 M urea, 1 mM EDTA, and 20 m M 3-mercaptoethanol (19), and diluted to 
a final protein concentration of -100 Mg/ml in the same buffer. The diluted protein was renatured 
as described by Boss et al. (19). The renatured protein in phosphate-buffered saline (PBS) was 
bound to a BGH-Sepharose column and eluted with 3M sodium thiocyanate. After dialysis against 
PBS, 90% of the 3C2/59 protein bound to a second BGH-Sepharose column. We performed 
competition assays using 8 x 10 7 Af 3C2/59 protein, BGH-Sepharose beads, and varying concen- 
trations of Fab derived from the monoclonal antibody in a total volume of 175 yd. After washing, 
we counted individual wells containing the Sepharose beads in a Beckman liquid scintillation 
counter to quantitate binding. The results from two experiments are shown by the different 
symbols. 




20/202' were designed in this way. Linker 
202 has the sequence EGKSSGSGSESKST. 
In the 4-4-20/202' protein, an additional 
amino acid. Gin, is present between the 
linker and the V H . 

The first single-chain antigen- binding 
protein genes were constructed from the V L 
and V H sequences of 3C2, an immunoglob- 
ulin G1 (IgGl) monoclonal antibody to 
BGH (anti-BGH). Five versions of an anti- 
BGH single-chain gene containing different 
linkers were constructed and expressed in 
Escherichia coli. The resulting proteins were 
purified, renatured, and tested for their abil- 
ity to bind to BGH immobilized on nitro- 
cellulose or covalently linked to Sepharose. 
The anti-BGH single-chain antigen- binding 
protein containing a linker designated 59 
(3C2/59) was chosen for further study 
based on its affinity for BGH-Sepharose. 

When the 3C2/59 gene was expressed in 
E. coli , the single-chain protein accumulated 
in insoluble inclusion bodies. The 3C2/59 
protein had an apparent molecular size of 26 
kD as determined by SDS— polyacrylamide 
gel electrophoresis (SDS-PAGE). This com- 
pares favorably with the molecular size of 
26,652 daltons calculated from the amino 
acid sequence. The 3C2/59 protein cross- 
reacted on immunoblots with antiserum 
prepared against purified 3C2 light chain. 

The anti-BGH 3C2/59 protein was rena- 
tured and purified by affinity chromatogra- 
phy on BGH-Sepharose. The affinity-puri- 
fied protein migrated as a single band of 26 
kD when analyzed by SDS-PAGE under 
both reduced and nonreduced conditions. 
The amount of protein that was successfully 
folded and therefore able to bind to a BGH- 
Sepharose column varied between 5% and 
30% in different experiments. To demon- 
strate that the affinity-purified protein re- 
tained binding activity after thiocyanate elu- 
tion, the protein was analyzed again by 
chromatography on a second BGH-Sepha- 
rose column. More than 90% of this protein 
bound to BGH-Sepharose and was eluted 
with thiocyanate. Renatured single-chain 
protein produced from a modified 3C2/59 
gene in which the sequence of five of the six 
hypervariable regions had been changed did 
not bind to BGH-Sepharose, demonstrating 
that binding of 3C2/59 protein to BGH 
occurs at the antigen-binding site. 

The relative affinity of the purified 3C2/ 
59 protein for BGH was determined by 
competition with Fab fragments isolated 
from the 3C2 monoclonal antibody. In- 
creasing amounts of unlabeled Fab were 
mixed with [ 35 S]methionine- labeled 3C2/ 
59 protein, and the mixture was incubated 
with BGH-Sepharose. After incubation, the 
amount of bound labeled protein was deter- 
mined. The competition curves for two ex- 
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periments are shown in Fig. 2. The concen- 
tration of Fab that inhibited binding of 
3C2/59 protein to BGH by 50% was 
2 x 10~ 7 Af, one-fourth the concentration 
of the labeled protein (8 x 10 _7 M), indicat- 
ing that the equilibrium constant (K a ) of the 
3C2/59 single-chain protein was within a 
factor of 4 of the K a of the Fab. 

Monoclonal antibodies to fluorescein 
were chosen for continued development of 
the single-chain antigen- binding protein 
technology because this antibody-antigen 
system has been well characterized (10), 





Fig. 3. Analysis of fluorescein binding affinities 
of the 4-4-20 Fab (A) and 4-4-20/202' protein 
(B) by the use of a fluorescence quenching assay 
( 11 ). The r represents the fraction of Fab or 4- 
4-20/202' protein bound, and c represents the 
concentration of unbound fluorescein. A sample 
(590 |xl) was placed in a 0.5-cm path-length 
cell, and 10-pi portions of 3.0 x 10 ~ 7 Af fluo- 
rescein were added to each sample and to buffer 
specimens (controls); the fluorescence was mea- 
sured with a Perkin-Elmer LS-5 fluorescence 
spectrophotometer. Quenching maxima (previ- 
ously determined) of 0.965 and 0.970 were 
used for the 4-4-20 Fab and 4-4-20/202' pro- 
tein analysis, respectively. We calculated protein 
concentrations from absorbance at 280 nra us- 
ing calculated molar extinction coefficients at 
280 nm (76,182 and 51,267Af“ ! cm’ 1 for the 
4-4-20 Fab and 4-4-20/202' protein, respective- 
ly, based on the Trp and Tyr content of each 
protein sequence). 



Several monoclonal antibodies with high 
affinity for fluorescein have been isolated, 
and quantitative assays for equilibrium con- 
stant determinations based on the quench- 
ing of fluorescein fluorescence have been 
described (11). Single-chain antigen- bind- 
ing protein genes were constructed from the 
sequences of the variable domains of two 
different monoclonal antibodies to fluores- 
cein: 18-2-3, an IgM (12), and 4-4-20, in 
IgG2a (13). 

Binding measurements for each sample of 
anti -fluorescein Ig, Fab, or single-chain anti- 
gen-binding protein were performed by flu- 
orescence quenching assays (11). An initial 
titration of the protein with fluorescein was 
used to determined the fluorescence quench- 
ing maximum (Qmax)- An estimate of the K a 
was then calculated from this titration to 
select protein and fluorescein concentrations 
for accurate determination of the K a . For 
the monoclonal antibody 4-4-20, the report- 
ed values for Q max and K a are 96.4% and 
1.7 x lO^Af -1 , respectively (13). 

The 4-4-20/202' protein, renatured from 
inclusion bodies, was concentrated, dialyzed 
against 20 m M tris, pH 8.5, loaded onto a 
DEAE-SPW high-performance liquid chro- 
matography anion exchange column (LKB), 
and eluted with a linear gradient of 0 to 2M 
sodium acetate in 20 mM tris, pH 8.5. 
Binding data for samples of 4-4-20 Fabs and 
4-4-20/202' protein are shown in Scatchard 
plots (14) in Fig. 3, A and B, respectively. 
The K a s for the 4-4-20 Fab and the 4-4-20/ 
202' protein, calculated from the slopes in 
Fig. 3, are 8.0 x 10 9 M~ ] and 1.1 x 
lO 9 /!^"" 1 , respectively. The number of bind- 
ing sites per molecule was determined from 
the x- intercept. Values of 0.68 and 0.27 
indicate the fractions of active Fab and 4-4- 
20/202' protein in the preparations under 
these conditions. Thus, the refolding and 
nonaffinity purification used for the 4-4-20/ 
202' protein produced 27% active protein 
with high affinity (IS). 

Kranz et al. (13) reported that the absor- 
bance spectrum of fluorescein was shifted 
from a maximum at 493 nm to a maximum 
at 505 nm when the fluorescein was bound 
by the 4-4-20 monoclonal antibody. This 
shift ranged from about 500 to 525 nm for 
different antibodies to fluorescein. To test 
whether this shift occurred with fluorescein 
bound to a single-chain antigen-binding 
protein, we measured the fluorescence exci- 
tation spectra of the 4-4-20 monoclonal 
antibody, the Fab fragment prepared from 
this antibody, and the 4-4-20/202' protein 
(Fig. 4). The 4-4-20/202' protein caused a 
similar shift in excitation maximum from 
493 to 505 nm as the monoclonal antibody 
and Fab, demonstrating that fluorescein was 
bound by the 4-4-20/202' protein in a 



manner analogous to the monoclonal anti- 
body. 

The 18-2-3/59 and 18-2-3/202' proteins 
also quenched the fluorescence of fluoresce- 
in. The Q m ax of these proteins was equiva- 
lent to that of the 18-2-3 monoclonal anti- 
body. Absolute fC a ’s were not determined 
for these proteins. 

In summary, single-chain antigen- binding 
proteins were constructed from the variable 
region sequences of three different monoclo- 
nal antibodies and various linker peptides 
designed by computational methods and 
computer graphics. These proteins retain 
both the affinity and specificity of the start- 
ing monoclonal antibodies. The linker pep- 
tide that worked in one single-chain anti- 
gen-binding protein was also successful in a 
different protein, as in the anti-BGH 3C2/ 
59 and antifluorescein 18-2-3/59 proteins. 
We are confident that we can produce active 
single-chain antigen- binding proteins with 
the sequence of any monoclonal antibody. 

Winter and colleagues (16) showed that 
the specificity of a monoclonal antibody can 
be changed by substituting the hypervaria- 
ble sequences of a mouse antibody into a 
human framework. It should also be possi- 
ble to change the specificity of a single- chain 
antigen-binding protein by replacing the 
hypervariable sequences with those from a 
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Fig. 4. The fluorescence excitation spectra were 
obtained on a Perkin-Elmer LS-5 fluorescence 
spectrometer connected to an R100 recorder 
and were determined at 2°C with 5-mm path- 
length microcuvettes in a thermostatted holder. 
Readings were obtained for samples (600 jjl!) of 
5 x 10” 9 M free fluorescein (left peak in all pan- 
els) and the same concentration of fluorescein in 
the presence of (A) 10 p-g/ml 4-4-20 monoclo- 
nal antibody, (B) 10 p.g/ml 4-4-20 Fab frag- 
ment, and (C) 0.1 |xg/mi 4-4-20/202' protein. 
The fluorescence emission was monitored at 
530 nm while the excitation wavelength was 
varied from 470 to 515 nm. The nominal ab- 
sorption maximum of unbound, unquenched 
fluorescein is about 493 nm [left peak in (A) to 
(C)] and was monitored on a scale five times 
that of the protein-bound, quenched fluorescein 
samples (right peak). 
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monoclonal antibody having a different 
specificity. A logical step in the development 
of a clinically useful antitumor agent would 
be to insert the hypervariable sequences 
from antitumor antibodies generated in 
mice into a single-chain antigen- binding 
protein derived from human framework re- 
gions. 

Single-chain antigen- binding proteins are 
expected to have advantages in clinical appli- 
cations because of their small size. These 
proteins should be cleared from serum faster 
than monoclonal antibodies or Fab frag- 
ments. Because they lack the Fc portion of 
an antibody, which is recognized by cell 
receptors, they should have a lower back- 
ground in imaging applications and they 
should be less immunogenic. They may pen- 
etrate the microcirculation surrounding sol- 
id tumors better than monoclonal antibod- 
ies. We foresee the use of single-chain anti- 
gen-binding proteins in applications for 
which monoclonal antibodies and antibody 
fragments are currently used, such as (i) 
imaging and therapy of cancers and cardio- 
vascular or other diseases, (ii) separations, 
and (iii) biosensors. 
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The peptide linkers present in single-chain 
antigen- binding proteins can be designed 
with specialized function such as sites for the 
chelation of metals or the attachment of 
drugs or toxins for applications in imaging 
and therapy. In addition, it will be possible 
to design sequences into the linkers or at the 
carboxyl terminus for the attachment of the 
protein to solid supports for use in clinical 
assays, separations, and sensing devices. 

Note added in proof. Since this report was 
submitted another paper dealing with simi- 
lar technology has appeared (17). 
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Studies of the biology and pathogenesis of Kaposi’s sarcoma (KS) have been hampered 
by the inability to maintain long-term cultures of KS cells in vitro. In this study AIDS- 
KS derived cells with characteristic spindle-like morphology were cultured with a 
growth factor (or factors) released by CD4 + T lymphocytes infected with human T- 
lymphotropic virus type I or II (HTLV-I or HTLV-II) or with human immunodefi- 
ciency virus type 1 or 2 (HIV-1 or HIV-2). Medium conditioned by HTLV-II- 
infected, transformed lines of T cells (HTLV-II CM) contained large amounts of this 
growth activity and also supported the temporary growth of normal vascular endothe- 
lial cells, but not fibroblasts. Interleukin- 1 and tumor necrosis factor — ot stimulated the 
growth of the KS-derived cells, but the growth was only transient and these factors 
could be distinguished from that in HTLV-II CM. Other known endothelial cell 
growth promoting factors, such as acidic and basic fibroblast growth factors and 
epidermal growth factor, did not support the long-term growth of the AIDS-KS cells. 
The factor released by CD4 + T cells infected with human retroviruses should prove 
useful in studies of the pathogenesis of KS. 



K aposi’s sarcoma develops in 
the form of multifocal lesions con- 
sisting of characteristic spindle- 
shaped cells in a stroma of proliferating 
abnormal vessels, fibroblasts, and infiltrat- 
ing leukocytes. An indolent form of KS 
occurs in elderly males in Mediterranean and 
African countries (1,2) and a more aggres- 
sive, glandular form of the disease occurs in 
younger Africans. An aggressive form of KS 
is also associated with HIV-1 infection, 
primarily in homosexual men (3, 4 ), and 
with immune suppression due to other 
causes (5). A direct transforming involve- 
ment of HlV-l in the development of 
AIDS-associated KS (AIDS-KS) is unlikely 
because genomic sequences of the virus have 
not been detected in KS tissues (6). Further- 
more, no other viruses, environmental fac- 
tors, or genetic factors have been convinc- 



ingly linked to any form of KS (4, 6, 7). To 
gain insight into the nature of KS cells and 
to search for possible new etiological agents, 
we developed procedures for establishing 
cells from AIDS-KS in culture. 

A number of growth factors, including 
endothelial cell growth supplement (ECGS) 
and fibroblast growth factors (FGF), that 
were previously shown to stimulate or sup- 
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A B7.1-Antibody Fusion Protein Retains Antibody Specificity 
and Ability to Activate Via the T Cell Costimulatory Pathway 1 



Pia M. Challita-Eid,* Manuel L. Penichet,* Seung-Uon Shin ,* 11 Tina Poles,* 

Nima Mosammaparast,* Kutubuddin Mahmood,* Dennis J. Slamon, § Sherie L. Morrison,* and 
Joseph D. Rosenblatt 2 ** 

We describe the construction and characterization of an Ab fusion protein specific for the tumor-associated Ag WLRVneu linked 
to sequences encoding the extracellular domain of the B7.1 T cell costimulatory ligand. The Ab domain of the fusion molecule will 
specifically target HEKVneu -expressing tumor cells, while the B7.1 domain is designed to activate a specific immune response We 
show that the B7.1 fusion Ab retained ability to selectively bind to the HVMUneu Ag and to the CTLA4/CD28 counter-receptors 
lor B7.1. Specific T cell activation was observed when the B7.1 Ab fusion protein was bound to HER2/«e«-expressing cells The 
use ot the B7.1 Ab fusion protein may overcome limitations of gene transfer and/or standard Ab therapy and represents a novel 
approach to the eradication ol minimal residual disease. The Journal of Immunology, 1998, 160: 3419-3426. 



T cell activation and proliferation require two signals from 
A PCs. The first signal is Ag specific and mediated by 
recognition of antigenic peptides presented in the context 
of MHC-I or II by the TCR. A second or costimulatory signal can 
be provided via binding of a costimulatory ligand of the B7 family 
on the APC to the CD28 counter- receptor present on T cells. The 
B7 family includes several Ig-like molecules, including B7. 1 and 
B7.2. Provision of signal 1 without signal 2 may lead to a state of 
immune tolerance (1). B7.1 gene transfer into nonimmunogenic 
tumor cells has been shown to elicit a T cell-mediated immune 
response not only against transfected (B7 H ) but also against pa- 
rental nontransfected tumor cells (2-8). Since T cell activation 
requires both B7.1 activation and TCR engagement, only cells 
with TCRs that recognize antigenic determinants on tumor cells 
should be activated (9). B7.1 gene transfer requires either ex vivo 
manipulation of tumor cells, which is technically difficult, or in 
vivo delivery via gene therapy vectors, which would not specifi- 
cally target systemic tumor deposits. As an alternative approach 
we propose to target B7.1 to tumor cells via an Ab fusion protein 
with specificity for a tumor-associated surface Ag. The B7T co- 
stimulatory molecule localized at the tumor site by the Ab should 
aid in the activation of a systemic antitumor immune response. 

The UERl/neu oncogene has been found to be amplified (>5 + 
copies) and/or overexpressed in as many as 30% of human breast 
cancers, 10 to 30% of ovarian cancers, and a subset of lung and 
other cancers (10—13). Humanized anti-HER2/nc« Ab has been 
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demonstrated to be an effective therapeutic agent in several phase 
I and II clinical trials (14, 15). A phase II trial showed response in 
over 1 1% of patients and has led to ongoing phase HI trials (15). 
These studies demonstrate the feasibility of targeting metastatic 
breast cancer through the HER2 /neu Ag. 

In this report we describe the construction and characterization 
of an Ab fusion protein in which the T cell costimulatory ligand 
B7.1 is fused to an anti-HER2/^« IgG3 Ab (B7.her2.IgG3) at the 
amino terminus of the heavy chain. We show that this fusion pro- 
tein retains both the ability to recognize the tumor-associated Ag 
HER2 /neu and the T cell costimulatory function of B7.1. 

Materials and Methods 

Cell lines and reagents 

CHO, EL4, SKBR3, Sp2/0, and P3X63-Ag.653 cells were available in the 
laboratory or obtained from American Type Cell Collection (Rockville, 
MD). EL4, Sp2/0, and P3X63Ag8.563 cells were cultured in Iscove’s me- 
dium supplemented with 5% FBS and L-glutamine, penicillin, and strep- 
tomycin (GPS). 3 SKBR3 cells were grown in RPMI 1640 medium con- 
taining 10% FBS and GPS. CHO cells were maintained in DMEM 
supplemented with 10% FBS and GPS. CHO/CD28 and CHO/B7 cells as 
well as the CD28Ig and B7Ig soluble proteins were provided by Dr. P. 
Linsley (Bristol-Myers-Squihb Pharmaceutical Research Institute, Seattle, 
WA). CHO/CD28 and CHO/B7 cells were grown in the same medium as 
CHO cells supplied with 0.2 mM proline and 1 pM methotrexate. CHO 
cells transfected with the WERl/neu cDNA were maintained under selec- 
tion with 0.5 mg/ml of Geneticin (Life Technologies, Gaithersburg, MD). 
Soluble CTLA4Ig was purified from a hybridoma obtained from’ Dr. J. 
Allison (University of California, Berkeley, CA) using standard protein A 
column purification methods. 

Expression vectors 

HER2A neu retroviral vector and gene delivery . The plasmid encoding the 
human HER2/neu cDNA (clone 0483 generously provided by Genentech, 
Inc., San Francisco, CA) was digested with Hindlll, filled in using Klenow 
polymerase, digested with Xho\ y and cloned into the Xho\ and filled-in 
BamHl sites of the retroviral vector LXSN (16). The resulting plasmid was 
transfected into the PA317 packaging cell line using Lipofectin reagent 
(Life Technologies) and cells selected in 0.5 mg/ml Geneticin. Culture 
supernatant from the vector-producing PA317 cells was harvested, filtered 
through 0.45-jrm pore size filters, and used to transduce CHO cells to 
derive CHO/Her2 cells. 



Abbreviations used in this paper: GPS, L-glutamine, penicillin, and streptomycin; 
Ser, serine: Gly, glycine; PE, phycoerythrin; CHO, Chinese hamster ovary. 
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Anti~HER2f neu k light chain expression vector. The light chain V do- 
main of the humanized humAb4D5-8 Ab was amplified from the plasmid 
pAK19 (17) (provided by Dr. P. Carter, Genentech) and fused to the 3' -end 
of human k leader sequence by overlapping PCR. The primers used in the 
first cycle of amplification are: primer a, 5 ' - GGGG AT ATCC A CC AT 
GG(A/G)ATG(C/G)AGCTG(T/G)GT(C/A)AT(G/C)CTCTT-3' and b, 5'- 
GACTGGGTCATCTGGATGTCGGAGTGGACACCTGTGGAG-3' for 
the leader sequence using a plasmid encoding human k light chain se- 
quences as template DNA; and c, 5 ' - CTCC A CA G GTGTCCA CTCCG A 
C ATCCAGATG ACCCAGT-3 ' and d, 5 '-GCTTGTCGACTTACGTTT 
G ATCTCCACCTTGG-3 ' for the V L sequences using pAK19 as template 
DNA. The resultant PCR products were mixed and used as template for the 
amplification with primers a and d. The final PCR product of 470 bp was 
digested with EcoRV and Sail and cloned into the human k light chain 
expression vector previously described (18). 

Anti~HER2/neu heavy chain expression vector . The strategy used to 
clone the heavy chain variable domain (V H ) from pAK19 is similar to the 
V L cloning strategy. The primers used for amplification are: primer a, 
5 '-GGGGATATCCACCATGG(A/G)ATG(C/G)AGCTG(T/G)GT(C/ 
A ) AT (G/C)CTCTT- 3 ' ; b, 5 G ACTCC ACC AGCTG A A CCTCGG AGTG 
GACACCTGTGGAG-3'; c, 5 '-CTCCACAGGTGTCCACTCCGAG 
Gttc AGCTGGTGG AGT- 3 ' ; and d, 5 ' -TTGGTGCTAGCCG AGG AGA 
CGGTG ACC AG-3'. The final 500-bp PCR product encoding the leader 
fused to the V H sequences of anti-HER2/«<?« was cloned as an EcoRV IN he\ 
fragment into the human !gG3 mammalian expression vector previously 
described (18). 

Anti-HER2/ neu H7.her2.lgG3 fusion heavy chain expression vector . 
The extracellular domain of the human B7. 1 including the leader sequences 
was amplified using primers 5 ' -GGCATA AGCTTG ATATCTGA AC 
CATGGGC-3' and 5 -GCGCGGTTAACCGTTATCAGGAAAATGC-3' 
and cloned as a Hindi lll/Hpal fragment at the 5' end of the (Ser-Gly 4 ) 3 
linker sequences into a pUC 19-flex plasmid. The V H domain of the hu- 
manized humAb4D5-8 Ab was amplified by PCR from the plasmid pAK19 
using primers 5'-GGCGGCGGATCCGAGGTTCAGCTGGTG-3 ' and 5'- 
TTGGTGCTAGCCGAGGAGACGGTGACCAG-3', digested with 
BamHl and Hpah and cloned at the 3' end of the B7.1 and flexible linker 
sequences. The resulting insert encoding the B7. 1- linker- V H sequences 
was isolated as an EcoRV /Nhel fragment and cloned into the expression 
vector for the IgG3 heavy chain ( 1 8). 

Recombinant Ab expression, immunoprecipitation, and 
purification 

Purified recombinant anti-HER2/«e« Ab alone is referred to in the manu- 
script as her2.IgG3, and the anti-HER2/«ew Ab fused to B7.1 is referred to 
as B7.her2.IgG3. Transfection, expression, and purification of the recom- 
binant Abs were performed as described previously (19). Briefly, nonse- 
creting Sp2/0 or P3X63-Ag.653 myeloma cells were transfected with 10 
jug of each of the anti-HER2/ocw light chain and heavy chain expression 
vectors by electroporation. Transfected cells were plated at 10,000 cells/ 
well in 96- well U-bottom tissue culture plates. The next day, selection in 
0.5 mM histidinol (Sigma Chemical Co., St. Louis, MO) was initiated and 
maintained for 10 to 14 days. Wells were screened for Ab secretion by 
human IgG-specific ELISA as previously described, and positive wells 
were expanded. To determine the size of the secreted recombinant Abs, 
supernatants from cells grown overnight in medium containing [ 35 S]me- 
thionine were immunoprecipitated with goat anti-human IgG (Zymed Lab- 
oratories, Inc., San Francisco, CA) and staphylococcal protein A (IgGSorb, 
The Enzyme Center, Malden, MA). Precipitated Abs were analyzed on 
SDS-polyaciylamide gels in either the presence or the absence of reducing 
agents. For purification of her2.IgG3 and B7,her2.IgG3 Abs, Ab secreting 
Sp2/0 clones were expanded in roller bottles in Hybridoma Serum-Free 
Medium (Life Technologies), and 2 to 4 1 of cell-free medium was col- 
lected. Culture supernatants were passed through a GammaBind protein G 
column (Pharmacia Biotech, Inc., Piscataway, NJ), and the column was 
washed with 10 ml of PBS. The protein was successively eluted with a total 
of 10 ml of 0.1 M glycine at pH 4.0, 2.5, and 2.0, and the eluate was 
neutralized immediately with 2 M Tris-HCl, pH 8.0. The eluted fractions 
were dialyzed and concentrated using Centricon filters with a molecular 
mass cut-off of 30,000 Da (Amicon, Inc., Beverly, MA). 

Flow cytometry studies 

Cells were detached by treatment with 0.5 mM EDTA, washed, and incu- 
bated with recombinant her2.IgG3 or B7.her2.IgG3 antibodies for 1 to 2 h 
at 4°C, then washed and stained with FITC-conjugated anti-human IgG 
(Sigma) or PE-conjugated anti-human B7.1 (Becton Dickinson, San Jose, 
CA) and analyzed by flow cytometry. 



Affinity analysis 

The affinity of B7.her2.IgG3 fusion protein for the Ag was compared with 
that of the parental her2.IgG3 Abusing the lAsys Optical Biosensor from 
Fisons Applied Sensor Technology (Paramus, NJ). Soluble HERlIneu Ag 
(ECD, provided by Genentech) was immobilized on a sensitized microcu- 
vette according to the manufacturer’s instructions. Her2.IgG3 or 
B7.her2.IgG3, at different concentrations in PBS with 0.05% Tween-20, 
was added to the cuvette, and association and dissociation were measured. 
Rate constants were calculated using the FASTfit software (supplied with 
the lAsys System) as previously described (20). 

T cell proliferation assays 

Human PBMC were isolated from normal donor blood using standard Fi- 
eoll-Hypaque density centrifugation. Human T cell enrichment columns 
(R&D Systems, Minneapolis, MN) were used for T cell purification ac- 
cording to the manufacturer’s instructions. Purified T cells were plated in 
flat-bottom 96-well tissue culture plates at 1 X 10 5 cells/well in RPMI 
supplemented with 5% FBS. Irradiated (5000 rad) CHO, CHO/Her2 or 
CHO/B7 cells were added at 2 X I0 4 cells/well in the presence of 0, 1,5, 
or 10 /xg/ml recombinant her2.IgG3 or B7.her2.IgG3 and 10 ng/ml PMA 
(Sigma). Plates were incubated at 37°C for 3 days, pulsed with 0.5 pCi l 
well of [ 3 HJ thymidine for 16 to 18 h, and harvested, and [ 3 H] thymidine 
incorporation was measured. 

Results 

Design and expression of the recombinant Abs 

The expression vectors for the human IgG3 heavy and k light 
chains were previously described ( 1 8). The variable domains of the 
anti-HER2/«<?« Ab were amplified by PCR from the plasmid 
pAK19 (provided by P. Carter, Genentech) (17) and cloned into 
the corresponding heavy or light chain expression vectors to derive 
her2.lgG3. To construct a fusion Ab between her2.IgG3 and B7.1 
(referred to as B7.her2.IgG3), the extracellular domain of human 
B7.1 was cloned at the 5' end of the heavy chain variable region 
of her2.IgG3 (Fig, 1A). A flexible (Ser-Gly 4 ) 3 linker was provided 
at the fusion site of the recombinant fusion protein to facilitate 
correct folding of both Ab and B7. 1 domains. We elected to ex- 
press B7. 1 at the amino terminus of the heavy chain because B7. 1 
fused to the carboxyl terminus of the C„3 domain showed de- 
creased affinity for CD28 (data not shown). These results are con- 
sistent with a critical role for the amino terminus of B7. 1 in me- 
diating its biologic activity (21). The light chain and either the 
her2.IgG3 or B7.her2.IgG3 heavy chain expression vectors were 
cotransfected into Sp2/0 myeloma cells, and stable transfectants 
secreting soluble proteins were identified by ELISA. 

To determine the molecular mass and assembly of the trans- 
fected proteins, cells were grown overnight in [ 35 S]methionine, 
and the secreted proteins were immunoprecipitated and analyzed 
by SDS-PAGE. In the absence of reducing agents, her2.IgG3 mi- 
grates with an apparent molecular mass of 170 kDa, while 
B7.her2.IgG3 is about 250 kDa (Fig. \B , lanes 1 and 2, respec- 
tively). Following treatment with 2-ME, light chains of 25 kDa 
were seen for both proteins, while her2.IgG3 had a heavy chain of 
approximately 60 kDa, and B7.her2.IgG3 had a heavy chain of 
approximately 100 kDa (Fig. IB, lanes 3 and 4 , respectively). 
Therefore, proteins of the expected molecular mass were pro- 
duced, and the fusion of the extracellular domain of B7. 1 to the 
her2.IgG3 heavy chain did not appear to alter the secretion of the 
fully assembled H 2 L 2 form of the Ab. 

Ag binding 

We tested the ability of recombinant her2.IgG3 and B7.her2.IgG3 
to bind to the HER2/«e« antigenic target by flow cytometry (Fig. 
2). CHO cells stably expressing the HER2 Ineu Ag (CHO/Her2) 
derived by retroviral-mediated gene transfer and nontransduced 
CHO cells were incubated with either her2.IgG3 or B7.her2.IgG3. 
Binding was assayed by staining with either FITC-conjugated anti- 
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FIGURE 1 A, Structure of her2.IgG3 and B7.her2.IgG3 molecules. The heavy and light chain variable regions of humanized humAWDS anti-HER2/*e W 
were cloned between the EcoRV sites and Nhe I sites of the mammalian expression vector for human IgG3 previously described (18). For the construction 
of B7.her2.IgG3 , the B7. 1 leader and extracellular domain were joined to the (Ser-GIy 4 ) 3 linker sequences that had been fused to the amino- terminal heavy 
s f* uences of ^ her2I S<33 Ab. A schematic diagram of the secreted HjL^ forms of control her2.IgG3 and B7.her2.IgG3 is also shown. B ; 
SDS-PAGE analysis of the recombinant anti-HER2/new Abs. Cell lines expressing her2.IgG3 ( lanes 1 and 3) or B7.her2.IgG3 ( lanes 2 and 4) were labeled 
by overnight growth in medium containing [ 35 S]methionine. Supernatants from labeled cells were immunoprecipitated with goat anti-human IgG and 
protem A, and precipitated proteins were analyzed by SDS-PAGE in the absence (lanes l and 2) or presence (lanes 3 and 4) of 2-ME. 



human IgG or PE-conjugated anti-human B7. 1 Abs followed by 
flow cytometry. Both her2.IgG3 (Fig. 2, A and B) and 
B7.her2.IgG3 (Fig. 2, D and E) bound specifically to CHO/Her2 
and not to parental CHO cells. Therefore, fusion of the extracel- 
lular domain of B7.1 to a complete her2.IgG3 Ab resulted in a 
fusion Ab capable of specifically recognizing the HER2 /«^m Ag 
through the Ab domain. CHO/Her2 cells incubated with 
B7.her2.IgG3 also stained positively with anti-human B7.1, indi- 
cating that binding of B7.her2.IgG3 to the Ag through its Ab do- 
main did not interfere with Ab recognition of the B7. 1 fusion do- 
main (Fig. 2 F). 

The affinities of the her2.IgG3 and B7.her2.IgG3 Abs for the 
\EERl/neu Ag were compared using the IAsys biosensor (Fig. 3). 
Her2.IgG3 or B7.her2.IgG3, at 1 X 10~ 7 M, was added to a cu- 
vette with soluble WEKHneu Ag ECD immobilized on its surface, 
and the association and dissociation were measured as the samples 
were added and washed from the cuvette. The calculated affinity of 



1.7 X 10 7 M for B7.her2.IgG3 was decreased about 2.5-fold 
compared with the affinity of 7 X 10~ 8 M obtained for the parental 
her2.IgG3. The modest decrease in affinity primarily reflected a 
reduction in the dissociation constant of B7.her2.IgG3. 

B7.1 binding studies 

The ability of the B7. 1 domain in the B7.her2.IgG3 fusion protein 
to bind to its receptors CTLA4 and CD28 was studied by two 
different methods. Soluble CTLA4Ig and CD28Ig immobilized on 
nitrocellulose membrane were incubated with either her2.IgG3 or 
B7.her2.IgG3 (Fig. 4A). We observed strong binding of 
B7.her2.IgG3 to CTLA4Ig, but no binding of her2.IgG3. 
B7.her2.IgG3 also bound CD28Ig, although with a lesser affinity 
than to CTLA4Ig. This was expected, since the reported affinity of 
B7.1 for CTLA4 is 20-fold higher than that for CD28 (22). In 
another experiment, we used CHO cells stably expressing CD28 to 
detect B7.her2.IgG3 binding (Fig. 4 B). Parental CHO or CHO/ 
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FIGURE 2. Flow cytometry to detect binding of her2.IgG3 or 
B7.her2.IgG3 to cell surface-expressed HER2/«ew Ag. Parental CHO ( A 
and D ) or CHO/Her2 ( B , C, E , and F ) cells were incubated with 10 /xg/ml 
of either her2.IgG3 (A-C) or B7.her2.IgG3 (D~F) at 4°C for 2 h. The cells 
were washed and stained with either FITC-conjugated anti-human IgG (A, 
/?, D , and E) or PE-conjugated anti-human B7. 1 (C and F) at 4°C for 30 
min. The cells were then analyzed by flow cytometry. This experiment was 
repeated six times, and similar results were observed each time. 



CD28 cells were incubated with either B7Ig (a gift from Dr. P. 
Linsley) or B7.her2.IgG3 and washed, and binding was detected 
by staining with FITC-conjugated anti-human IgG followed by 
flow cytometry. Specific binding of B7.her2.IgG3 and B7Ig to 
CD28 present on CHO-CD28 + cells, but not to control CHO cells, 
was observed. 

Stability of the anti-HER2/neu recombinant Abs on the cell 
surface 

Since recruitment and activation of tumor- specific T cells would 
depend on the presence of B7.1 on the tumor cell surface, we 
characterized the stability of B7.her2.IgG3 bound to the HER2/neu 
Ag expressed on the cell membrane. SKBR3 cells from a human 
breast cancer cell line known to express high levels of HER2/neu 
were incubated with 10 /ug/ml of either her2.IgG3 or B7.her2.IgG3 
at 4°C to allow maximum binding. The cells were then washed and 
incubated at 37°C in culture medium. At different times (0, 1, 3, or 
24 h), an aliquot of cells was taken and stained with FITC-conju- 
gated anti-human IgG and analyzed by flow cytometry. The results 
obtained at 0 and 24 h are shown in Figure 5A. The mean fluo- 
rescence measured at different times was compared with that at 




FIGURE 3. Affinity of her2.IgG3 and B7.her2.IgG3 for HER2/neu de- 
termined using the lAsys biosensor. Binding of her2.IgG3 or B7.her2.IgG3 
to a HER2 Ineu extracellular domain-coated microcuvette was assayed as 
described in Materials and Methods, and k d and k a were calculated using 
the Fastfit program. The affinity constant K d was calculated as kfk a . 
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FIGURE 4. Binding of B7.1 to its counter-receptors CD28 and CTLA4 
determined by slot blot (A) or flow cytometric (B) cells. A, One hundred 
or twenty nanograms of CTLA4Ig or CD28Ig immobilized on a nitrocel- 
lulose membrane was incubated with either purified her2.IgG3 or 
B7.her2.IgG3 followed by alkaline phosphatase-conjugated anti-human k. 
The blots were then developed with 5-bromo-4-chloro-3-indolyl-phos- 
phate/nitro blue tetrazolium chloride substrate. B , Parental CHO (a and c) 
or CHO/CD28 cells ( b and d) were incubated with soluble human B7.1 in 
the form of B7Ig (a and b) or with B7.her2.IgG3 fusion protein (c and d). 
The cells were then washed, incubated with FITC- labeled anti-human IgG, 
and analyzed by flow cytometry. 
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time zero, when maximum binding was observed. The time course 
of Ab binding, calculated as a percentage of the maximum mean 
fluorescence, is illustrated in Figure 5 B. We observed a gradual 
decline in Ab cell surface staining intensity with time. Significant 
staining (42% of staining at time zero) was still detected at 24 h for 
both her2.IgG3 and B7.her2.IgG3. 

Proliferation assays 

To test for the functional ability of the B7.her2.IgG3 molecule to 
signal via CD28, we performed a syngeneic T cell proliferation 
assay using human peripheral blood T cells (Fig. 6). CHO/Her2 or 
control CHO cells were irradiated and incubated in the presence or 
the absence of either her2.IgG3 or B7.her2.IgG3 and peripheral 
blood-enriched T cells. PMA at 10 ng/ml was added to the cultures 
to provide signal 1, which was necessary for proliferation. Addi- 
tion of B7.her2.IgG3 to CHO/Her2 cells resulted in a dose-depen- 
dent increase in T cell proliferation as assayed by [ 3 H] thymidine 
incorporation. Results from two different donors from two exper- 
iments are presented. Levels of T cell proliferation obtained with 
10 fxg/m\ B7.her2.IgG3 approached the levels obtained through 
stable expression of human B7.1 in CHO cells by gene transfer 
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FIGURE 5. Stability of recombinant anti-HER2/«ew Abs on the surface 
of Ag-expressing breast cancer cells. SKBR3 cells were incubated at 4°C 
with her2.IgG3 ( a and c) or with B7,her2.IgG3 ( b and d ), and the amount 
of Ab bound was determined by immunofluorescence. The cells were 
washed and incubated at 37°C, and aliquots were removed at 0, 1, 3, or 
24 h, stained with FITC-conjugated anti-human IgG, and analyzed by flow 
cytometry. In A, we show flow cytomehy results at time zero (a and b) and 
24 h after incubation at 37°C (c and d). In B, mean fluorescence is calcu- 
lated as a percentage of the max imum mean fluorescence observed at time 
zero. The experiment was repeated three times with similar results. 



(CHO/B7). Proliferation was absent in the presence of parental 
CHO cells or with control her2.IgG3. The significantly lower lev- 
els of proliferation observed when B7.her2.IgG3 were incubated 
with CHO cells suggests that binding of B7.her2.IgG3 to the cell 
surface via the HER2 fneu A g is necessary for optimal T cell co- 
stimulation. Visual inspection of the coculture plates showed for- 
mation of large foci of proliferating T cells in response to control 
CHO/B7 cells or in response to incubation with CHO/Her2 cells in 
the presence of B7.her2.IgG3. Photographs of the cocultures are 
included in Figure 6 £. The presence of proliferating T cell colonies 
directly correlated with the level of proliferation detected by 
[ 3 H]thymidine incorporation. 



Discussion 

We describe the construction and characterization of a fusion Ab 
in which the extracellular domain of the B7.1 costimulatory mol- 
ecule was fused by genetic engineering to the amino terminus of 
the heavy chain of an anti-HER2/ne« Ab. We opted to use the 
IgG3 backbone for the Ab molecule, since the extended hinge 
region of IgG3 would be expected to provide greater flexibility in 
folding to accommodate the presence of B7. 1 in the fusion Ab. 
IgG 3 also exhibits Fc-mediated functions, such as complement ac- 
tivation and Fey binding (23). We chose the B7.1 costimulatory 
ligand in preference to B7.2, as Gajewski et al. and other investi- 
gators have suggested that B7. 1-transduced tumors more success- 
fully induce CTL activity and protect against parental tumor chal- 
lenge more effectively than tumors transduced with B7.2 (24-27). 
Although conflicting results with respect to Thl vs Th2 differen- 
tiation have been reported using B7. 1 and B7.2, results from sev- 
eral experimental systems suggest that B7. 1 costimulation tends to 
favor differentiation along the Thl pathway (1, 28-30). Therefore, 
we chose to link B7. 1, rather than B7.2, to an antitumor Ab in an 
effort to preferentially stimulate a Thl -mediated immune response. 

Our results indicate that B7.1 can be effectively linked to the 
amino terminus of the heavy chain of an anti-HER2//iew Ab, with 
retention of both Ab specificity and the B7.1 interaction with 
CD28. Binding to HER2/neu was demonstrated by flow cytometry 
as well as lAsys biosensor studies, albeit at a lower affinity than 
that observed for the control her2.IgG3. Possible reasons for the 
observed decrease in affinity could be steric hindrance between the 
anti-HER2/«c« variable and the B7. I domains or a change in the 
kinetics of Ag binding due to the increased size of B7.her2.IgG3. 
Similarly, specificity of B7. 1 for both CTLA4 and CD28 was dem- 
onstrated by the ability of B7.her2.IgG3 to bind soluble CTLA4Ig 
and CD2SIg as well as CD28 expressed on the surface of target 
cells. Of note, in preliminary attempts to derive a fusion Ab, we 
constructed an anti-dansyl Ab fusion in which the B7.1 coding 
sequences were fused to the carboxyl end of the heavy chain C H 3 
domain. We did not observe binding of this B7.1 fusion Ab to 
CD28 expressed on the surface of CHO/CD28 cells or to soluble 
CD28Ig, suggesting that fusion through the B7. 1 amino terminus 
may disrupt the B7.1/CD28 interaction. This may be due to mask- 
ing of the amino terminal sequences of B7.1, which are known to 
be in close proximity to the CD28/CTLA4 binding site (21). 
Whether fusion via a flexible linker will restore binding of B7. 1 to 
CD28 is currently under investigation. At present, however, we 
would favor fusion of B7. 1 sequences to the amino-terminal heavy 
chain sequences for suitable B7.1/CD28 interaction. A similar re- 
quirement for fusion at the amino terminus of the Ab to maintain 
activity was observed for nerve growth factor (31). Since the Fc 
domain remains intact in B7.her2.IgG3, binding to Fc receptors 
may induce Ag-dependent cellular cytotoxicity or otherwise affect 
B7. 1 function. If this is a problem, further manipulation of the 
constant region could be performed to eliminate FcR binding sites. 

We also sought to address whether mti-HER2/neu Abs would 
remain on the surface of Ag-presenting breast cancer cells. Our 
results indicated that approximately 40% of surface-bound 
B7.her2.IgG3 was detectable by flow cytometry for up to 24 h 
following initial incubation with human SKBR3 breast cancer 
cells. This suggests that stable presentation of the B7.1 costimu- 
latory ligand on the tumor cell surface may be feasible, and that 
loss of presentation due to internalization or rapid antigenic shed- 
ding via HER2 / neu binding may not be a significant problem (32). 

The management of minimal residual disease is a central prob- 
lem in breast cancer and other solid tumors. Despite the use of 











C HCVB7 



Antibody Concentration (m*cro 0 r»nVmf) 



FIGURE 6. In vitro T cell proliferation assay. Pe- 
ripheral blood T cells isolated from blood of normal 
donors A and B were plated in 96- we 11 plates in the 
presence of irradiated CHO or CHO/Her2 cells, PM A 
(10 ng/ml), and increasing concentrations of either 
her2.IgG3 or B7.her2.IgG3. The cocultures were incu- 
bated at 37 °C for 3 days and labeled with [ 3 H]thymi- 
dine for the final 16 to 18 h. A, Proliferation was mea- 
sured by harvesting the cells onto glass filters and 
assessing radioactivity by liquid scintillation counting. 
The results shown represent the average of triplicate 
cultures, and error bars denote the SE. Results from two 
separate experiments using two separate donors, donor 
A and donor B. are shown. The experiment was re- 
peated five times using a total of three different T cell 
donors with similar results. B f Photographs are shown 
following 3 days of human T cell incubation in the pres- 
ence of a ) CHO/Her2 cells and 10 /ig/ml her2.1gG3, b ) 
CHO/Her2 and 10 /Ltg/ml B7.her2.IgG3, c) CHO cells 
and 10 fxg / ml B7.her2.IgG3, d) CHO/Her2 in the ab- 
sence of Ab, or e ) CHO/B7 cells stably expressing hu- 
man B7. 1 by gene transfer. 
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increased dose intensity of chemotherapy or autologous bone mar- 
row transplantation, relapse remains a critical problem (33-36). 
Chemotherapeutic strategies are necessarily limited by various 
toxicities. Additional modalities that can achieve further cytore- 
duction are needed. Although various clinical trials of mAbs, Ab- 
based conjugates, and/or radioantibodies have been performed, the 
results of these trials have highlighted obstacles to successful Ab- 
based therapy of human malignancy. Abs generally are not directly 
cytotoxic due to poor fixation of complement and/or inadequate 
activation of Ab-dependent cytotoxicity. Effective use of Abs for 
delivering cytotoxic agents (e.g., conjugates such as Ab-ricin, or 
radiolabeled Ab strategies) requires delivery to a majority of, if not 
all, tumor cells (37). An alternative approach is to elicit an active 
systemic immune response against tumor cells. Delivery of cyto- 
kines has been shown to induce an antitumor T cell response. 
Although gene transfer has most commonly been used to achieve 
increased cytokine levels at the site of the tumor, recent studies 
performed using an Ab-IL-2 fusion protein suggest that Abs can be 
used for delivering cytokines to tumors. The Ab-cytokine fusion 
protein retains both Ab specificity and cytokine activity and ap- 
pears to be more effective than either used alone or in combination, 
but not covalently linked (38-43). However, fusion of B7.1 rather 
than cytokine should result in activation of T cells with TCRs that 
specifically recognize tumor determinants rather than the nonspe- 
cific activation expected of a fused cytokine. 

In assays for T cell costimulation in vitro, we show that effective 
stimulation of human T cells was achieved only if B7.her2.IgG3 
was bound to a HEKZfneu target, and limited or no stimulation was 
observed using target cells that did not express HERl/neu Ag. This 
suggests that the B7.her2.IgG3 fusion protein in soluble form may 
not be able to effectively provide a costimulatory signal to preac- 
tivated T cells, and that the anti-HER2/ne« Ab domain in the 
B7.her2.IgG3 fusion protein provided specificity for the T cell co- 
stimulation. This property of B7.her2.IgG3 would allow enhanced 
specificity of the immune response. Similar results have been re- 
ported using fusion of the B7.2 costimulatory ligand to a single 
chain Ab (44). However, a single chain Ab produced in yeast cells 
may have considerably different glycosylation and antigenicity as 
well as different pharmacokinetics in vivo compared with the hu- 
manized B7.her2.IgG3 we have produced. The relative specificity 
and type of response achieved with B7.her2.IgG3 fusion compared 
with the B7.2 single chain fusion remain to be determined. It also 
remains to be determined whether the specificity and response 
achieved with B7. 1 fusions will differ from those observed using 
bispecific antitumor/anti-CD28 Ab (45). However, genetically en- 
gineered Ab fusion proteins should present fewer problems in 
manufacture and purification than the described bispecific Abs, 
which are difficult to purify to homogeneity. 

In summary, we have produced an mti-HERl/neu IgG fusion 
protein encoding the extracellular domain of the B7.1 costimula- 
tory ligand. This protein retains targeting specificity via the HER2/ 
neu Ag as well as ability to deliver a T cell costimulatory signal. 
The strategy offers several theoretical advantages. While expres- 
sion of HER2 /neu may be heterogeneous, targeting via HER2 /neu 
may activate T cells with specificity against other unidentified tu- 
mor-associated Ags, resulting in destruction of both HER2/«<^- 
positive and nonexpressing cells. Therefore, the Ab fusion protein 
may allow targeting of micrometastatic disease with relative spec- 
ificity and would not itself have to bind to all tumor cells to elicit 
an effective response. The data presented suggest that tumor-spe- 
cific Abs fused with costimulatory ligands may be a useful method 
for delivering a costimulatory signal for the purpose of cancer 
immunotherapy. 
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A Superantigen-Antibody Fusion Protein for T-Cell Immunotherapy of 

Human B-Lineage Malignancies 



By Cecilia GidlOf, Mikael Dohlsten, Peter Lando, Terje 

The bacterial superantigen staphylococcal enterotoxin A 
{SEA} is an efficient activator of cytotoxic T cells when pre- 
sented on major histocompatibility complex (MHC) class II 
molecules of target cells. Our previous studies showed that 
such SEA-directed T cells efficiently lysed chronic B-lympho- 
eytic leukemia (B-CLL) cells. Next, we made a mutated SEA- 
protein A {SEAm-PA) fusion protein with more than 1,000- 
fold reduced binding affinity for MHC class II compared with 
native SEA. The fusion protein was successfully used to di- 
rect T cells to B-CLL cells coated with different B lineage - 
directed monoclonal antibodies (MoAbs). In this communi- 
cation, we constructed a recombinant anti-CD19-Fab-SEAm 
fusion protein. The MHC class II binding capacity of the SEA 
part was drastically reduced by a D227A point mutation, 
whereas the T-cell activation properties were retained. The 
Fab part of the fusion protein displayed a binding affinity 
for CD19^ cells in the nanomolar range. The anti-CD19-Fab- 
SEAm molecule mediated effective, specific, rapid, and per- 
forin-like T-cell lysis of B-CLL cells at low effector to target 

N ON-HODGKIN’S LYMPHOMAS of the B-cell type 
(B-NHLs) represent a large and growing proportion 
of malignant neoplasms exhibiting great heterogeneity with 
respect to histology, immunophenotype, and clinical behav- 
ior. At present, about one third of the patients with high- 
grade disease are cured by high-dose chemoradiotherapy fol- 
lowed or not by stem cell rescue, whereas few, if any, cases 
with low-grade malignancy are permanently cured. 1 Immu- 
notherapy using naked monoclonal antibodies (MoAbs) has 
largely been unsuccessful, 2 whereas toxin- and isotope-con- 
jugated pan-B-cell MoAbs followed by stem cell rescue may 
produce encouraging results. 3 8 Tumor vaccines based on 
patient-specific Ig idiotypes are presently being attempted 
and have so far provided proof of the principle. 911 

Staphylococcal enterotoxins A (SEA), B, C, D, E, and H 
are termed superantigens (SAgs) because of their capacity 
to stimulate a large proportion of T cells expressing particu- 
lar T-cell receptor V (3 sequences. 12 The SAg molecule binds 
outside the peptide binding cleft of the major histocompati- 
bility complex (MHC) class II molecule with high affinity, 
and is presented to T cells as an unprocessed protein. 13,14 
Both CD4 and CD8 T cells respond to staphylococcal 
enterotoxins by proliferation, production of cytokines such 
as interleukin-2, interferon gamma, and tumor necrosis factor 
a (TNF<*), and generation of strong T-cell cytotoxic capac- 
ity. 15 ' 17 SAgs have the ability to direct T-cell cytotoxicity 
against HLA-DR- positive (HLA-DR^) cells such as B cells, 
dendritic cells, and monocytes. 18 

SAg-directed T cells can lyse a variety of HLA-DR + tu- 
mor target cells, whereas targets lacking the SAg receptor 
HLA-DR are resistant. We recently demonstrated that SEA- 
directed T cells kill primary chronic B-lymphocytic leukemia 
(B-CLL) cells in vitro, and sensitivity to lysis was dependent 
on HLA-DR, ICAM-1 (CD54), CD 18, and CD72 surface 
molecules. 19 We next demonstrated that the introduction of 
a point mutation in the SEA molecule reduced its HLA 
class II binding capacity more than 1,000- fold. Mutated SEA 
(SEAm) was then fused to protein A and used to screen for 
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cell ratios. Normal CD19 + B cells were sensitive to lysis, 
whereas CD34 + progenitor cells and monocytes/macro- 
phages were resistant. A panel of CD19 f B-cell lines repre- 
senting different B-cell developmental stages were effi- 
ciently lysed, and the sensitivity correlated with surface 
ICAM-1 expression. The anti-CD19-Fab-SEAm fusion protein 
mediated highly effective killing of tumor biopsy cells repre- 
senting several types of B-cell non-Hodgkin's lymphoma (B- 
NHL). Humanized severe combined immune deficiency 
(SOD) mice carrying Daudi lymphoma cells were used as an 
in vivo therapy model for evaluation of the anti-CD19-Fab- 
SEAm fusion protein. Greater than 90% reduction in tumor 
weight was recorded in anti-CDl9-Fab-SEAm-treated ani- 
mals compared with control animals receiving an irrelevant 
Fab-SEAm fusion protein. The present results indicate that 
MoAb-targeted superantigens (SAgs) may represent a prom- 
ising approach for T-cell-based therapy of CD19 + B-cell ma- 
lignancies. 

© 1997 by The American Society of Hematology. 

MoAbs capable of directing SAg-reactive T cells to leukemic 
cells. 20 This fusion protein was 100-fold more potent in ly- 
sing B-CLL target cells coated with certain B-cell-specific/ 
associated mAbs in comparison to uncoated HLA class II- 
positive (HLA class II + ) B-CLL cells. The most promising 
antibody specificity turned out to be CD 19. 

In the present communication, we constructed a recombi- 
nant fusion protein between the Fab fragment of an anti- 
CD 19 mAb and a SEA D227A mutant for preclinical in 
vitro studies of cytotoxic T-cell therapy for human B-cell 
malignancies. We also tested the potential in vivo antitumor 
effects of this fusion protein in severe combined immune 
deficiency (SCID) mice carrying Daudi lymphoma cells and 
human peripheral blood mononuclear cells as effectors. 

MATERIALS AND METHODS 

Construction of SEAm. The SEA gene was cloned by polymer- 
ase chain reaction (PCR) from the Staphylococcus aureus strain 
AT CC 8095 (obtained from American Type Culture Collection, 
Rockville, MD). The nucleotide sequence was found to be identical 
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to the published sequence. 21 Alanine substitution mutagenesis com- 
bined with the SEA crystal structure identified D227 as an essential 
amino acid in the C-terminal major HLA class II binding site. 22 In 
SEArn, the mutation D227A was introduced by PCR by changing 
die Asp codon GAT into GCT (Ala). A diagnostic Spe I site was 
introduced at codons 232 to 233 by changing codon 232 from ACA 
to ACT. Binding studies with HLA class il + cells demonstrated a 
kd of 10 8 mol/L for recombinant native SEA, whereas the k d for 
SEAm was estimated to be more than 10“ 5 mol/L. 22 

Cloning of the Fv part of anti-CD 19 ( CLB-B4/1 ) and expression 
in Escherichia coli. The Fv-encoding portions of the mAh CLB- 
B4/1 (anti-CD 19 IgG/k) were cloned from the CLB hybridoma 
(kindly provided by Drs C. Melief, R.F. Tiebout, and A.M. Kruis- 
beek, Leiden, The Netherlands) using previously described method- 
ology* 23 Briefly, cDNA was made from the mRNA and coding re- 
gions of the entire variable domains, and parts of the signal 
sequences and the constant domains of the heavy and light chains 
were amplified by PCR. The oligonucleotides 5 '-CA ATTTTCT- 
TGTCCACCTTGGTGC-3' and S'-ACTAGTCGACATGGIATG- 
G AGCIGGATCTTT mTCTT-3 ' were used for the heavy chain, 
resulting in a 563 -bp fragment, and the oligonucleotides 5'- 
ACTAGTCGACATGGATTTICAGGTGCAGATTwTCAGCTTC- 
3' and 5'-GCGCCGTCTAGAATTAACACTCATTCCTGTTGAA- 
3' were used for the light chain, yielding a 717-bp fragment. For 
each chain, three separate clones were sequenced and found to be 
identical. DNA fragments suitable for insertion into the expression 
vector were obtained in a second PCR step. To assemble a Fab- 
expression plasmid, the variable regions of CLB-B4/1 mAh were 
fused to sequences coding for the constant regions of the murine 
IgGl/k antibody C242. 24 A region coding for the SEA D227A gene 
was fused after the heavy chain. 

The expression plasmid used contained the kanamycin resistance 
gene and a Lac promoter inducible with isopropyl -/3D-thiogalacto- 
pyranoside (IPTG). In the fermenter, anti-CD 19-Fab-SEA D227A 
was produced in E coli at protein levels exceeding 100 mg/L, which 
was comparable to similar Fab-SAg constructs previously expressed 
in our laboratory. 2 ’ The anti-CD 19-Fab-SEAm protein was purified 
with a protein G- based affinity chromatography and ion-exchange 
chromatography as described. The recombinant product demon- 
strated a molecular weight of about 82 kD on sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis (SDS-PAGE). 

lodination of anti- CD1 9- Fab- SEAm and cell bindin g assay . The 
anti-CD 19-Fab-SEAm protein was 125 I-Iabeled and used in a cell- 
binding assay with Daudi B-lymphoma cells. 23 ’ 24 The dissociation 
constant (Kd) and the number of binding sites were determined by 
Scatchard analyses. 

Other reagents . Recombinant SEA was produced as previously 
described. 22 Anti-CD 19 (CLB-anti-CD19) IgG mAb was a gift from 
Dr C. Melief (Leiden, The Netherlands). A control fusion protein 
(C2 15-Fab-SEAm) was constructed and purified to homogeneity as 
described previously. 23 mAbs against the Apo- 1/Fas antigen (CD95) 
were purchased from Immunotech (Marseille, France) and were as 
follows: ZB4 (blocking of apoptosis), CH-11 (induction of 
apoptosis), and UB2 (F1TC -conjugated F(ab) 2 fragment for staining 
procedures). FITC-conjugated MoAbs against ICAM-I (CD54) and 
LFA-1 (CD 11a) were obtained from Immunotech. Anti-CD22 
(RFB4) was a gift from Professor G. Janossy (London, UK), and 
anti-CD24 (SWA1 1) was kindly provided by Dr U. Zwangermeister 
Witke (Zurich, Switzerland). Anti-PBC MoAb (reactive with a mito- 
chondrial respiratory enzyme, PDH-E2) used as an irrelevant control 
was kindly provided by Dr A. BjOrkland (Department of Clinical 
Immunology, University of Uppsala). FITC- or PE-conjugated 
MoAbs used in two-color FACS analysis were as follows: anti- 
HLA-DR-F1TC, anti-CD20-FITC, anti-CD3-FITC, anti-CD34-PE, 
and anti-CD I6-PE from Becton Dickinson (Mountain View, CA) 



and anti-CD 19-FITC, anti-CD 19-PE, anti-CD4-PE, anti-CD8~PE, 
and anti-CD5-PE MoAbs from Ortho Diagnostic Systems (Raritan, 
NJ). Rabbit F(ab) 2 antimouse Ig-FITC (RAM-F1TC) and rabbit anti- 
mouse Ig (RAM) were obtained from Dakopatts (Glostrup, Den- 
mark). Recombinant interleukin-2 and 5l Cr were from Amersham 
(Buckingham, UK). 12-O-tetradecanoyl phorbol 13-acetate (TPA), 
EGTA, propidium iodide (PI), and 2-aminoethylisothiouronium bro- 
mide hydro bromide (AET) were purchased from Sigma (St Louis, 
MO). RPMI 1640 (Flow Laboratories, Glasgow, Scotland) supple- 
mented with 10% fetal calf serum, 1 mmol/L nonessential amino 
acids, 0.1 mmol/L sodium pyruvate (both from GIBCO, Middlesex, 
UK), 100 U/rnL penicillin, 100 pgJmC streptomycin, 10 mmol/L 
HEPES, 2 mmol/L L-glutamine, and 5 X It) -5 mol/L /3 -mere apto eth- 
anol (Sigma) was used as complete medium. 

Cell lines. Human peripheral blood mononuclear cells were iso- 
lated from a normal healthy subject by routine density centrifugation. 
A SEA-reactive T-cell line, SEA-T, was established by stimulation 
of these cells with SEA (1 ng/mL). The cell line was kept for weeks 
by repeated restimulation with SEA -coated, irradiated ( B7 Cs, 4,000 
rad) BSM B-iymphoblastoid cells and recombinant interleukin-2 (20 
U/mL) in complete medium and then freeze-stored. These cells were 
thawed 1 to 2 weeks before use as effector T cells in the in vitro 
assays described later. The T-cell line was more than 98% CD3 + , 
80% to 90% CD8 + , and 10% to 20% CD4L Other cell lines were 
grown in log phase in complete medium at 37°C and 5% C0 2 and 
were as follows: BSM (Epstein-Barr virus [EBV]-transformed 
lymphoblast); Raji, a HLA-DR- negative Raji mutant cell line 
RJ225, and Daudi (all Burkitt’s lymphomas); NALM-1, NALM-16, 
NALL-1, and KM3 (acute lymphoblastic leukemias of pre-B type); 
U698 and MN60 (lymphoblastic lymphomas of B type); U715A and 
PL (follicle center cell lymphomas); and LP1 (myeloma). 

Leukemia/lymphoma patient cells . Blood samples from six pa- 
tients with untreated classic B-CLL (95% to 99% monoclonal CD19* 
CD5 + cells) were Ficoll-separated (Pharmacia, Uppsala, Sweden) 
and freeze-stored in liquid nitrogen. Cells from three other B-CLL 
patients were used fresh in the FACS cytotoxicity assay. Cells from 
B-NHL patients were prepared from diagnostic lymph nodes using 
scissors plus steel mesh and kept in liquid nitrogen. The diagnoses 
(according to the Kiel classification 25 ) were as follows: lymphoblas- 
tic lymphoma of B type (LB; one patient), centroblastic lymphoma 
(CB; three patients), centroblastic-centrocytic lymphoma (CB-CC; 
two patients), hairy cell leukemia (HCL; three patients), and immu- 
nocytic lymphoma (IC; three patients). 

Highly purified CD34 + progenitor cells. CD34* enriched pro- 
genitor cells were obtained from five patients with multiple my- 
eloma. Progenitor cells were mobilized with the combination of 
cyclophosphamide (4 g/m 2 ) plus rh-GSF (lenograstim, 5 pg/kg) and 
subsequently harvested by Ieukapheresis. 26 CD34 + progenitor cells 
were isolated from the Ieukapheresis product with Ceprate SC tech- 
nology (CellPro, Bothell, WA). The purity of the enriched fraction 
was 92% to 95%. Cells were kept in liquid nitrogen if not used fresh 
in the assays. All patients were from a multicentric phase III trial 
studying the efficacy of tumor depletion from the peripheral stem 
cell harvest by CD34* enrichment. The study was approved by the 
local ethics committee. 

Nonmalignant B cells . To obtain normal B cells (95% CD 19*), 
tonsils were minced, T-cell- depleted by E-rosetting, and stored in 
liquid nitrogen until use. 

Monocytes/macrophages. Normal donor blood was purified in 
four steps to generate a pure monocyte/macrophage (CD 14*) cell 
population: (1) blood was routinely Ficoll-separated, (2) mononu- 
clear cells were E-rosetted to eliminate T cells and natural killer 
cells, (3) cells were Percoll-separated (Pharmacia), and (4) magnetic 
beads were used together with MoAbs against CD 19 and CD3 to 
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reduce contaminating B and/or T cells. Greater than 95% of the 
remaining cells were CDf4 + . 

Short-term cell cultures. Freeze-stored B-CLL cells were 
thawed and cultured for 3 days with or without TPA (1.6 x 10' 7 
mol/L) in complete medium and used as targets in the assays. B- 
CLL cells separated from fresh blood were cultured overnight and 
used as targets in the FACS-cytotoxicity assay. 

B-NHL cells, CD34 + progenitor cells, and CD19 + tonsil cells 
were thawed and incubated overnight in complete medium before 
use. Purified monocytes/macrophages were similarly kept in medium 
overnight before use. 

5} Cr- release assay . Cytotoxicity was measured in a standard 4- 
hour 5, Cr-release assay and expressed as follows: % specific lysis 
“ 100 X (experimental - background cpm/maximal background 
cpm). Target cells were labeled for 2 hours with 5I Cr (250 i/1 x 

I0 6 cells). The cells were then washed twice and seeded in triplicate 
in v-bottomed microtiter plates at a concentration of 2.5 X 10 3 cells 
per well. SEA, anti-CD 19-Fab-SEAm, or control fusion protein was 
added directly to the assay. Indicated numbers of effector cells were 
added in 0.2 mL complete medium. The plates were incubated at 
37°C and 5% C0 2 , supernatants were collected, and the released 5I Cr 
was measured in a gamma counter (LKB-Wallac 1282; Stockholm, 
Sweden). Spontaneous release was estimated by incubation of target 
cells in medium alone, and maximum release by resuspending the 
wells with 0.1% Tween 20. Spontaneous release was typically less 
than 30% of maximum release. 

FACS-cytotoxicity assay. Target and effector cells were seeded 
in flat-bottomed microtiter plates (50,000 to 100,000 target cells per 
well depending on B-cell content adjusted to an E:T cell ratio of 
20: 1) and incubated at 37°C and 5% CO, with anti-CD 19-Fab-SEAm 
or control fusion protein for 4 hours. Cells were then stained with 
an antibody cocktail consisting of anti-CD 19,20,22,24, washed, and 
stained with the secondary antibody RAM-FITC. After a second 
wash, ceils were stained with propidium iodide (PI) immediately 
before analysis in a fluorescence microscope or a FACScan flow 
cytometer (Becton Dickinson). FACS data from cells stained green 
(B cells) were collected and analyzed with the Lysis II software 
(Becton Dickinson). The number of B cells was correlated with a 
fixed total number of cells counted (500,000 cells). Double- stained 
ceils were considered dead. B-cell viability remained high (75% to 
90%) it cells were kept for 4 hours in medium alone or medium 
plus fusion protein without effector T cells. 

Flow cytometric analysis of cell phenotype . Cell phenotype was 
determined by FACS analysis as described elsewhere. 19 Appropriate 
isotypic control MoAbs were used to estimate the level of nonspe- 
cific surface binding. 

SCID mice. Two- to 3-month-old female SCID mice (C.B-I7) 
were obtained from Bommice (Ry, Denmark) and kept under patho- 
gen-free conditions. The animals were injected intraperitoneally (IP) 
with 3 X 10 5 Daudi lymphoma cells and 5 days later with Ficoil- 
separated human peripheral blood mononuclear cells. 24 Treatment 
with anti-CD 19-Fab-SEAm or C215-Fab-SEAm control fusion pro- 
tein was initiated at day 5 and given as four daily intravenous injec- 
tions (100 pg per injection). Animals were killed after 40 days, and 
the macroscopically observed tumors in the peritoneal cavity were 
counted and total tumor mass in each animal was determined as 
described previously, 27 Immunohistochemistry was used to confirm 
the presence of tumor cells. Tumors with a weight less than 5 mg 
were estimated as 2 mg, tumors with a weight greater than 5 mg 
and less than 10 mg as 7 mg, and tumors larger than 10 mg as the 
actual weight. All tumors larger than 1 mg were counted. Each 
treatment cohort contained five to seven mice to permit comparison 
to other treatment cohorts treated simultaneously with the same batch 
of effector cells. Statistical significance was determined by the 
Mann-Whitney U test. 




Fig 1. Binding of 12S l-labeled anti-CD19-Fab-SEAm fusion protein 
to Daudi lymphoma cells. Daudi cells (3 x 10 5 /mL) were incubated 
{1 hour at 2 2°C) with serially diluted 125 l-anti-CD19-Fab-SEAm (0.7 to 
300 nmol/L). Cell-bound radioactivity is shown as a Scatchard plot 
and as a saturation curve (insert) after correction for background 
binding (B/Fnonspecific = 0.02) in each point. Scatchard analysis 
showed an apparent K d of 9.0 nmol/L and approximately 1.7 x 10 5 
sites per cell (R = —.97). Each value is the mean of triplicate samples. 



RESULTS 

Prokaryotic expression of anti-CD 19-Fab-SEAm fusion 
protein. The variable (V) region of the H chain of the CLB- 
CDI9 antibody cDNA was ligated to the first constant (C) 
region of a H chain gene fragment from a consensus murine 
IgGl. This Fd gene fragment was then fused to the SEAm 
gene and expressed as a bicistronic transcription unit with 
the gene encoding the V region of the CLB-CD19 k light 
chain ligated to the first C region of a consensus k chain. 
The pKP865 vector was used for expression of the Fab- 
SEAm fusion protein in E coli. The fusion protein was 
purified to more than 95% homogeneity as determined by 
SDS-PAGE and reverse-phase high-performance liquid 
chromatography (data not shown). Under nonreducing con- 
ditions, the protein migrated as an 82-kD band that dissoci- 
ated into the light chain (26 kD) and Fd-SEAm fusion protein 
under reducing conditions. 

Binding affinity of the fusion protein to the CD19 antigen 
and MHC class II molecules. The binding affinity of anti- 
CD 19-Fab-SEAm to CD 19 and HLA class II molecules was 
investigated using CD19 + HLA-DR + Daudi cells. Scatchard 
analysis showed an apparent K d of 10~ 9 mol/L and demon- 
strated approximately 1.7 X 10 5 antigen sites per cell (Fig 
1). Binding of anti-CD 19-Fab-SEAm to HLA-DR + CDI9~ 
target cells failed to show a specific binding, and the K d was 
estimated to be more than 10“ 5 mol/L (data not shown). 

T-cell targeting to MHC class IF and class II Burkitt 
cell lines. To investigate residual HLA class II affinity of 
the anti-CD 19-Fab-SEAm fusion protein, we performed cy- 
totoxicity experiments with the SEA-T effector cell line 
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Fig 2. Effects of anti-CDl9-Fab-SEAm against 2 
CD19 + lymphoma cell line targets. T-cell targeting to 
(A) Raji cells (CD19 + HLA-DR + U and (B) RJ225 cells 
(CD19 + HLA-DR ,ow ) mediated by anti-CD19-Fab-SEAm 
fusion protein, native SEA, or C215-Fab-SEAm con- 
trol fusion protein. Each value is the mean of tripli- 
cate samples. The E:T ratio was 40:1, and specific 
cytotoxicity was measured in a 51 Cr-release assay. 



against RJ225 (HLA-DR Iow CD 1 9 + ) and native Raji 
(DR CD 19 ) target ceils (Fig 2). A control fusion protein 
(C2 1 5-Fab-SEAm, directed against human colon cancer 
cells) or native SEA were used as controls. As expected, 
Raji but not RJ225 cells were efficiently killed by T cells 
plus native SEA. The irrelevant control fusion protein con- 
taining a D227A mutation in the SEA part mediated minimal 
background lysis of either target. In contrast, the anti-CD 19- 
Fab-SEAm fusion protein was highly efficient in directing 
T-cell lysis of both RJ225 and Raji cells at very low concen- 
trations of the protein. The lysis was clearly dose-dependent, 
and up to 75% cytotoxicity was recorded in the presence of 
0.5 to 5.0 ng/mL of the fusion protein. Thus, residual MHC 
class II -dependent lysis with the anti -CD 19-Fab-SEAm fu- 
sion protein was low. 

Sensitivity of normal B cells , CD34 + cells , and monocytes/ 
macrophages in T-cell/anti-CDI 9- Fab-SEAm fusion protein 
killing. To examine whether normal CD19 + B cells were 
sensitive to anti-CD 19-Fab-SE Am fusion protein- mediated 
killing, we used B cells purified from tonsil tissue (95% 
CD 19* cells). Significant lysis (60%) of these B cells was 
seen when using anti-CD 19-Fab-SEAm- targeted T cells 
compared with the control fusion protein (6%) (not shown). 

The sensitivity of CD34^CD19' progenitor cells (92% to 
98% purity) from five myeloma patients was also tested. 
None of these cell preparations were sensitive to lysis by 
anti-CD 19-Fab-SEAm plus T cells. Two CD34 + targets were 
also used in an indirect cytotoxicity system using mAbs 
against CD34 or CD 19 together with PA-SEAm. 20 The CD34 
MoAb mediated efficient lysis, whereas the CD 19 MoAb 
did not (Fig 3). 

Monocytes/macrophages (>95% CD14 + cells) represent- 
ing HLA class II + CD 19' normal target cells were used 
in anti-CD 19-Fab-SEAm -directed T-cell lysis. Neither the 
anti-CD 19-Fab-SEAm nor the control fusion protein medi- 
ated any cytotoxicity. In contrast, native SEA mediated a 
strong dose-dependent T-cell lysis of monocytes (results not 
shown). 

SAg~mediated lysis of resting and activated B-CLL cells . 
We reported previously that T-cell lysis of B-CLL targets 



coated with native SEA or, alternatively, PA-SEAm (SEAm 
fused with protein A) combined with B-cell-reactive MoAb, 
was augmented if the target cells were preactivated with 
TPA. 39 '“'° Therefore, B-CLL cells from six donors were cul- 
tured in the presence or absence of TPA for 3 days and used 
as targets in the assay. Anti-CD 19-Fab-SEAm- targeted T 
cells lysed resting B-CLL cells as effectively as TPA-acti- 
vated cells (Fig 4). In comparison, native SEA mediated 
slightly enhanced killing of TPA-activated B-CLL cells com- 
pared with nonactivated B-CLL cells (not shown). The irrele- 
vant fusion protein was inactive against both target cells. 

A dose-dependent response to anti-CD 19-Fab-SEAm was 
obvious, with significant lysis already at 0.5 ng/mL of the 
anti-CD 19 fusion protein against nonactivated and TPA-acti- 
vated cells. 

Impact of effector to target cell ratio in anti-CD 19-Fab- 
SEAm— mediated killing of B-CLL cells. The impact of the 
E:T ratio was studied in cytotoxicity assays with four differ- 
ent B-CLL targets. The anti-CD 1 9-Fab-SEAm fusion protein 
mediated significant lysis already at a low E:T ratio of 3.75: 1, 
and maximal lysis was seen at an E:T ratio of 15:1. The 
irrelevant fusion protein mediated low levels of killing at 
E:T ratios varying from 3.75:1 to 60:1 (not shown). 

Killing of CD19 + B-cell lines. Thirteen B-cell lines rep- 
resenting different B-cell maturation stages were used as 
targets in anti-CD 19-Fab-SEAm- mediated T-cell killing to 
evaluate whether lytic sensitivity was restricted to a particu- 
lar differentiation step. The cell lines were categorized into 
six different groups: lymphoblasts of pre-B type (NALL-1, 
NALM-1, NALM-16, and KM3), lymphoblasts of B type 
(U698 and MN60), EBV-transformed lymphoblasts (BSM), 
Burkitt’s lymphomas (Daudi, Raji, and RJ225), follicle cen- 
ter cell lymphomas (U715A, and PL), and myeloma (LP1). 
All cell lines were sensitive to anti-CD 19-Fah-SEAm-di- 
rected T-cell killing, except for the CD 19' myeloma cell line 
LP1. There was an anti-CD 19-Fab-SEAm dose-dependent 
response against all sensitive targets (not shown). The con- 
trol fusion protein mediated negligible levels of cytotoxicity 
at 0.5 ng/mL, but at high concentrations (5 ng/mL) some 
background was seen for cell lines expressing high amounts 
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Fig 3. Progenitor cell sensitivity to SAg-directed O 

T-cell killing. Highly purified CD34 + cells were used Li- 

as targets. (A) Arrti-CD19-Fab-SEAm fusion protein O 
or C215-Fab-SEAm control fusion protein. Results 
are the mean ± SD % cytotoxicity. (B) An indirect CO 
system including MoAbs against CD34 or CD 19 fol- 
lowed by RAM and PA-SEAm. Each value is the mean 
of triplicate samples. TheErT ratio was 40:1, and spe- 
cific cytotoxicity was measured in a B1 Cr-release 
assay. 
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of HLA-DR and ICAM-1 (not shown). The specific cytotox- 
icity at an anti-CD 19-Fab-SEAm protein concentration of 

0. 5 ng/mL is shown in Fig 5. 

The specific cytotoxicity correlated with the surface ex- 
pression of ICAM-1 (r — .86) but not with CD 19 expression, 
which was low on all target cells (Fig 6A). 

Since surface expression of ICAM-1 seemed to be of ma- 
jor importance for target cell sensitivity to SAg-mediated T- 
cell cytotoxicity, we wanted to evaluate whether upregula- 
tion of ICAM-1 expression could confer increased sensitivity 
to lysis. For this purpose, we treated target cell lines with 
TNFa, which has been reported to upregulate ICAM-1 on 
several cell types. The pre-B-cell lines NALL-1 and NALM- 

1, which exhibit low ICAM- 1 expression (mean fluorescence 



intensity [MFI], 97 and 25, respectively) and moderate to 
low sensitivity (30% and 16% specific cytotoxicity) to anti- 
CD 19-Fab-SEAm and T cells, were stimulated with TNFa 28 
(1,000 U/mL) for 40 hours and then analyzed for surface 
ICAM-1 expression. Stimulation resulted in a 1.7- and 4.8- 
fold increase, respectively (MFI, 167 and 120), in surface 
ICAM-1 expression, but did not alter CD 19 expression. Tar- 
get cell sensitivity increased moderately for NALL- 1 (from 
30% to 36%) but drastically for NALM-1 (from 16% to 
49%) (Fig 6B). This was not due to an increased fragility 
of TNF-exposed targets, since the control fusion protein me- 
diated minimal lysis of these cells (0% to 14%, not shown). 

Anti-CD 19-Fab-SEAm— directed T-cell lysis ofB-NHL bi- 
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Fig 4. SAg-mediated T-cell killing of B-CLL target cells. Cells from 
6 patients with B-CLL were cultured for 3 days with TPA (■, ♦ ) or 
in medium alone (□, 0 1 and used as targets. Cytotoxic T cells were 
directed by addition of anti-CD19-Fab-$EAm fusion protein or C215- 
Fab-SEAm control fusion protein. Results are the mean ± SD. Each 
value is the mean of triplicate samples. The E:T ratio was 40:1, and 
specific cytotoxicity was measured in a 51 Cr-release assay. 



Cytotoxicity (%) 

Fig 5. Anti-CD 19-Fab-SEAm -directed lysis of 13 different B-cell 
lines. SAg concentration was 0.5 ng/mL and E:T ratio 40: 1 . Results are 
shown as specific cytotoxicity with the anti-CD 19-Fab-SEAm fusion 
protein (minus cytotoxicity with C215-Fab-SEAm control fusion pro- 
tein) as measured in a 51 Cr-release assay. Each value is the mean of 
triplicate samples. 
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CD 19-Fab-SEAm plus T cells. A logarithmic curve fit is shown for the ICAM-1 /cytotoxicity correlation. (B) Effect of TNFa treatment of 2 pre- 
B-cell lines. Cell surface CD19 and ICAM-1 expression and sensitivity to anti-CD19-Fab-SEAm -mediated T-cell lysis (fusion protein concentration 
0.5 ng/mL) is shown. The pre-B-cell lines (NALL-1 and NALM-1) were stimulated with TNFa (1.000 U/mL for 40 hours). Surface antigen 
expression and sensitivity of nonstimulated cells is presented as 1.0 (horizontal bar) to allow comparison to stimulated cells. Each value is 
the mean of triplicate samples. SB, CD19 expression; H, ICAM-1 expression; ■, sensitivity to lysis. 



opsy cells. Freeze-thawed cells originally prepared from 
diagnostic lymph nodes obtained from 12 patients with vari- 
ous B-cell lymphomas showed poor uptake of 5l Cr in a pilot 
study. Further, these lymph node preparations consisted of 
a mixture of clonal B cells and normal T cells. These facts 
excluded the use of the 51 Cr- release assay, and instead we 
developed a method based on fluorescence-labeled B cells. 
This flow cytometric method estimated living versus dead 
target B cells after a 4-hour incubation with effector cells 
and fusion proteins, and enabled us to investigate the sensi- 
tivity of malignant lymph node B cells to anti-CD 19-Fab- 
SEAm-directed cytotoxicity. 

All B-NHL targets were sensitive to T cells and anti- 
CD 1 9-Fab-SEAm compared with the control fusion protein. 
Twenty-five percent to 80% specific cytotoxicity against ma- 
lignant B cells was seen (Fig 7) after 4 hours of incubation 
with effector cells plus anti-CD 19-Fab-SEAm fusion protein 
(0.5 ng/mL). 

Freshly separated cells from three patients with B-CLL 
were incubated in medium overnight and used as targets in 
the FACS-based assay. These fresh leukemic target cells 
were extremely sensitive to anti-CD 19-Fab-SEAm -medi- 
ated cytotoxicity, and more than 97% cytotoxicity was seen 
in each case (data not shown). 

Anti-CD 19-Fab-SEAm— based tumor therapy in SC1D 
mice . To evaluate the therapeutic efficacy of the anti- 
CD 19-Fab-SEAm fusion protein in vivo against human B- 
lymphoma cells, we used a humanized SCID model. SCED 
mice were injected IP with 3 X 10 5 Daudi lymphoma cells 
and were injected 5 days later IP with 3 X 10 5 human blood 
mononuclear cells. Anti-CD 19-Fab-SEAm therapy was 
given as four daily intravenous treatments (100 pg per injec- 
tion) from days 5 to 8. Control animals received PBS or an 



irrelevant control fusion protein. At day 40, the animals were 
killed and the number of tumors and the total tumor weight 
IP estimated. A significant antitumor effect was seen in the 
anti-CD 19-Fab-SEAm-treated animals compared with con- 
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Fig 7. T-cell plus SAg killing of malignant B cells from 12 patients 
with B-NHL. Target cell viability was determined by FACS analysis 
after a 4-hour incubation with anti-CD 19-Fab-SEAm plus T cells. SAg 
concentration was 0.5 ng/mL, and results are shown as % dead cells 
after incubation with anti-CD 19-Fab-SEAm minus % dead cells after 
incubation with the C215-Fab-SEAm control fusion protein. 
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Fig 8. Fab-SAg treatment of humanized SCID mice carrying B- 
lymphoma cells reduces tumor growth. SCID mice (7 animals per 
group) were injected IP with 3 x 10 5 Daudi B-lymphoma cells. Five 
days later, mice were injected IP with 3 x 10 s normal human periph- 
eral blood mononuclear cells. On days 5 to 8, mice were treated with 
daily intravenous injections (100 fxg per injection) of anti-CD19-Fab- 
SEAm. Control animals received saline (PBS) or C215-Fab-SEAm con- 
trol fusion protein, which does not bind to B-lymphoma cells. At day 
40, the animals were killed and the (■) number of tumors and (E3) 
total tumor weight (mg) were determined IP. Statistical evaluation 
was performed using the Mann-Whrtney U test, where fusion pro- 
tein-treated animals were compared with PBS-treated animals (**P 
< .01, *P < .05). One of 2 experiments producing similar results is 
shown as the mean ± SEM. 



trol animals receiving effector cells only or effector cells 
combined with the irrelevant Fab-SEAm fusion protein. 
Anti-CD 19-Fab-SEAm treatment resulted in greater than 
90% reduction of the total tumor weight (P < .05) and a 
drastic decrease in the number of macroscopically detectable 
tumors (P < .01) (Fig 8). 

DISCUSSION 

In the present study, we extended our previous results with 
SAg- mediated T-cell lysis of B-CLL cells 1920 to construct a 
direct SAg-antibody fusion protein between an anti-CD 19- 
Fab and a SEAm. The choice of a mAb directed against 
CD 19 appeared justified, since CD 19 is considered a strictly 
B-lineage -specific antigen that is expressed on the cell sur- 
face of the whole B-cell differentiation range starting with 
the IgH rearrangement up to plasmablasts. This would poten- 
tially enable T-cell therapy for a wide range of human B- 
cell malignancies. The anti-CD 19-Fab-SEAm fusion protein 
showed high-affinity binding in the nanomolar range to the 
CD 19 antigen. The mutated Fab-SEAm protein exhibited a 
1,000-fold lower binding affinity for HLA class II compared 
with nonmutated SAg. This should favor CD 19 antigen-spe- 
cific targeting compared with interactions with HLA- 
DR + CD19~ normal cells including monocytes, dendritic 
cells, and activated endothelial cells. It is anticipated that 



higher amounts of the mutated protein as compared with 
the wild-type protein could be administered in vivo before 
systemic immune activation and toxic side effects due to 
HLA-DR binding would occur. 23 

Our present in vitro studies with B-CLL cells as targets 
showed that such cells were efficiently lysed by low numbers 
of T cells and anti-CD 19-Fab-SEAm. Lysis was rapid, spe- 
cific, and mediated by surface CD 19, but apparently not by 
MHC class II molecules. Importantly, with this fusion pro- 
tein, no preactivation of the target cells was needed to in- 
crease their sensitivity, in contrast to our experience using 
other SAg constructs. 19 * 20 Normal CD19 + B cells were also 
sensitive for SAg-directed T-cell killing, whereas CD34 + 
progenitor cells and CD14 + monocytes/macrophages were 
resistant. In vivo, an anti-CD 19-Fab-SEAm protein would 
potentially eradicate all CD19 + B-lineage cells, including 
normal counterparts. However, current clinical transplant 
regimens including high-dose chemoradiotherapy followed 
by pan-B-ce 11- purged or, alternatively, CD34 + cell -en- 
riched autografts effectively deplete the B-cell range with 
surprisingly little effect on posttransplant infection rates. Im- 
portantly, sparing of T-cell plus SAg-resistant CD34 + pre- 
cursor cells should allow full regeneration of the B-cell com- 
partment. 

We extended the target cell range to include B-NHL bi- 
opsy cells representing several histologies, as well as a full 
range of established B-cell lines. All CD19 + cells and tumor 
biopsy cells were sensitive to T-ce 11/S Ag- mediated lysis. 
The sensitivity of target cells was positively correlated with 
surface ICAM-1 expression but not with surface CD19 den- 
sity. CD 19 is required for anti-CD 19-Fab-SEAm- mediated 
lysis, because only CD19 + target cells are lysed, but most 
likely very low levels of CD 19 are sufficient for maximal 
cytotoxicity. This is consistent with the high potency of tar- 
geted SEA and recent views that only a few MHC/peptide 
complexes are required to activate T cells. The target cell 
surface expression of CD 19 was found to be uniform on 
all cells examined. The expression was low (<100 MFI) 
compared with that of other B-cell surface markers like 
CD24 and CD40. CD 19 expression did not change when 
cells were stimulated in vitro. Properties such as antigen 
shedding or internalization may play a role in antibody- 
directed killing, and these factors need to be investigated 
further. A role for ICAM- 1 in SAg-induced cytotoxicity was 
supported by our previous studies using HLA-DR single and 
HL A-DR/ICAM- 1 double transfectants. 29 Stimulation of B- 
cell line target cells with TNFa led to a parallel increase in 
surface expression of ICAM-1 and target cell sensitivity to 
T-cell/anti-CD 19-Fab-SEAm -mediated lysis. SEA is a po- 
tent inducer of TNFa in vitro 16 and in vivo, 17 suggesting that 
endogenously produced TNFa may enhance SAg-based lysis 
of neoplastic B cells in a therapeutic setting. 

Freshly separated leukemia cells were extremely sensitive 
to anti-CD 19-Fab-SEAm and T cells. The fact that many of 
the target cells in this study were obtained from patients 
displaying multiresistance to cytostatic drugs makes Fab- 
SEAm-mediated T-cell killing of B-cell tumor cells a poten- 
tially attractive adjuvant to conventional debulking therapy. 
The concept of Fab-SEA— based T-cell immunotherapy for 
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lymphomas/leukemias is attractive also in other aspects: first, 
leukemic cells are easily accessible for mAb/T-cell targeting 
compared with solid tumors; second, B-lymphoma tissue 
frequently contains large numbers of T cells, which could 
mediate a local cytotoxic response without a requirement of 
effector cell homing into the tumor tissue; and third, the 
expression of surface ICAM- 1 molecules by the proliferative 
tumor cell compartment in lymph nodes is higher than in 
blood, 30,31 which might favor eradication of the clonogenic 
cells. 

We have investigated the mechanisms of target cell lysis 
in T-cell/anti-CD 19-Fab-SEAm fusion protein -mediated 
killing. Preliminary data indicate that lysis in the short-term 
4-hour assay seems to be perforin-mediated, since the chela- 
tor EGTA, which binds Ca 2+ needed for cytotoxic granulae 
release, totally abolished lysis. The addition of Fas-blocking 
antibodies did not alter SAg/T-cell lysis, and neither was 
there any correlation between target cell surface Fas expres- 
sion and sensitivity for lysis (data not shown). SAg- triggered 
T cells release large amounts of TNFa, which is known 
to be toxic to several tumor types. However, we showed 
previously that high concentrations of TNFa had no adverse 
effect on B-CLL cells. 19 SEA-induced cytotoxic T cells 
(CTL) appear rapidly in mice treated with a single injection 
of SEA 17 or Fab-SEA. 32 However, perforin knockout mice 
generate only marginal SEA-dependent CTL activity (J. 
Hansson, M. Dohlsten, unpublished observation, June 1996). 
Therefore, it remains likely that release of perforin/gran- 
zyme-containing granulae is important in SAg-dependent T- 
cell— mediated lysis of B-lineage tumor cells in vitro. 

In vivo studies of the anti-CD 19-Fab-SEAm fusion protein 
were performed in humanized SCID mice with IP growing 
Daudi cells. The growth of Daudi cells in SCID mice has 
previously been evaluated by Ghetie et al, 33 who found dis- 
seminated IP growth, including engagement of the mesen- 
teric lymph nodes. Tumor metastases in the liver and kidney 
were detected only at late stages. A similar disseminated 
growth pattern IP was seen after 3 to 4 weeks also in our 
study. At this time point, the tumor load in our model was 
mainly confined to the IP cavity. Because IP infusion of 
human peripheral blood mononuclear cells allows persis- 
tence of human lymphocytes in the peritoneal cavity for 
several weeks but only a marginal presence of these cells 
extraperi tone ally (data not shown), the study setting was 
focused on evaluating antitumor effects against IP tumor 
growth. Treatment was initiated 5 days after tumor inocula- 
tion. Treated animals showed a dramatic reduction of tumor 
size and number compared with control animals. Further 
studies using syngeneic but “humanized’" in vivo animal 
models are under development in our laboratory including 
hCD19cDNA-transfected murine B-cell leukemia cells and 
the use of hCD19 transgenic mice. 

MoAb-targeted SAgs have been used to direct cytotoxic 
T cells to other types of human malignant cells in vitro. 
These studies include the use of MoAbs against CD7 and 
CD38 for lysis of acute T-lymphoblastic leukemia cell 
lines, 34 anti-ganglioside GD 2 human/mouse chimeric MoAb 
for lysis of human neuroectodermal tumor lines, 35 and C242 
MoAb against human colon carcinoma. 24 Taken together. 
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these results suggest that MoAb-targeted SAg may have a 
general applicability for a large variety of tumor types. Our 
present results with anti-CD 19-Fab-SEAm argue for a fur- 
ther clinical development of targeted SAgs for T-cell immu- 
notherapy of human E-lymphocyte ~ lineage malignancies. 
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ABSTRACT 

A murine antihiunan B-cell monoclonal antibody, Lym-1, has shown 
considerable promise for the treatment of human malignan t ly mp ho ma s 
To enhance its clinical potential, a genetically engineered ftision protein 
consisting of a chimeric Lym-1 (chLym-1) and interleukin 2 (IL~2) was 
tested for mediating cytotoxicity, increasing vasopermeabUity, and en- 
hancing antibody uptake in human malignant lymphomas. The chLym- 
l/BL-2 ftision protein, which was expressed initially in a baculovirus 
system and more recently in the glutamine synthetase gene amplification 
system, was shown to be processed and assembled into a normal immu- 
noglobulin monomer with two IL-2 molecules per antibody. It was found 
to be equivalent to the chLym-1 antibody in antigen-binding specificity 
and relative affinity. In addition, it maintains IL-2 cytokine activity as 
demonstrated by support of T-cell proliferation. Moreover, in antibody- 
dependent cellular cytotoxicity assays against R^ji target ceils, chLym-I/ 
IL-2 had approximately 2-fold and 4-fold higher cytotoxicity thaw 
chLym-1 and murine Lym-1, respectively. Used as a pretreatment, 
chLym-l/IL-2 enhances the uptake of chLym-1 at the tumor site by 
altering the permeability of tumor vessels producing tumor: normal organ 
ratios of 420:1 for Mood and 1708:1 for muscle at 3 days. The in vitro and 
in vivo activities of chLym-l/IL-2, therefore, suggest that this genetically 
engineered antibody ftision protein may represent a new immunothera- 
peutic reagent for the treatment of human malignan t lymphomas. 

INTRODUCTION 

Several major obstacles have been identified that limit the amount 
of MAb 3 that binds to tumor. These include antigenic heterogeneity, 
circulating free antigen, antigenic modulation, lack of tumor specific- 
ity, and low tumor uptake (1-4). Dosimetric calculations obtained 
from clinical studies in humans have shown that only —0.01-0.1% of 
the injected antibody dose actually binds and accumulates in the 
tumor despite the use of high avidity MAbs to tumor antigens (5-8). 
It has long been known that two key parameters that control the 
uptake of macromolecules in tumors are blood flow and vascular 
permeability (9-12). On the basis of this information, we formulated 
the hypothesis that MAbs might be used as carriers of vasoactive and 
pFoinflammatory peptides to alter the blood flow and/or permeability 
of tumor vessels without affecting these parameters in normal tissues. 
This approach is unique in that it is aimed at altering the physiology 
of tumor vessels to enhance the tumor uptake of MAbs. Our previous 
studies indicated that one vasoactive agent, IL-2, is a highly potent 
inducer of vasopermeability and a promising reagent for this approach 
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(13, 14). IL-2 is a potent biological mediator of the immune system, 
and it occupies a central role in the augmentation of cell-mediated 
immune responses. Its major functions include the proliferation of T 
lymphocytes (15) and the generation of nonspecific tumor killing by 
activated macrophages, LAK cells, and tumor-infiltrating lympho- 
cytes (16). In addition to its cytokine activity, IL-2 has been shown to 
induce vascular permeability when administered systemically by 
causing the efflux of intravascular fluids to the extravascular spaces 
(capillary leak syndrome; Refs. 17-20). In a previous study (14), our 
laboratory used a chemically produced Lym-1 /IL-2 vasoconjugate as 
a pretreatment to increase uptake of a radiolabeled MAb tracer by 
3- 4-fold with no concomitant increase in uptake in norma) organs. 
This was the first report of an immunoconjugate that specifically 
enhances tumor localization of blood-borne macromolecules. The 
mechanism of action of this immunoconjugate was attributed specif- 
ically to an increase in tumor vascular permeability. 

These findings have important implications for the use of MAbs in 
the radioimmunodetection and therapy of cancer. In addition, IL-2 
immunoconjugate pretreatment may potentially be used to improve 
the delivery of other biologically important molecules to tumor sites. 
The Lym-1 /IL-2 immunoconjugate generated by chemical coupling 
methods was found, however, to be devoid of IL-2 cytokine activity 
with respect to T-cell proliferation and LAK cell generation. Thus, it 
appears that LAK cell generation is not a prerequisite for the vascular 
permeability changes. From the outset, it was believed that a com- 
pletely functional IL-2 moiety would produce optimal vasopermeabil- 
ity effects at the tumor site compared to a chemically conjugated 
moiety. It was with these factors in mind that a fusion protein was 
constructed with chLym-1 and IL-2 to generate a vasopermeability- 
and cytokine-active chLym-1 /IL-2, which can be used for treatment of 
the human malignant lymphomas. 

MATERIALS AND METHODS 

Reagents 

Iodine- 125 was obtained as sodium iodide in 0.1 N sodium hydroxide, and 
chromium-51 was obtained as Na 2 5l Cr0 4 in normal saline (pH 8-10) from 
DuPont New England Nuclear (North Billerica, MA). Centricon concentrators 
were supplied by Amicon (Danvers, MA). Sephadex, buffer salts, and other 
reagents such as chloramine T, sodium metabisulfite, hydrogen peroxide, and 
2,2'-azino-bis(3-ethylbenzthiazoline-6~sulfonic acid) were purchased from 
Sigma Chemical Co. (St. Louis, MO). 

The transfer vectors pBacPAKl and pAcUW31, Bsu36 /-digested 
BacPAK6 viral DNA, and wild-type Autographa califomica nuclear polyhe- 
drosis virus (AcNPV, E2 strain) were obtained from Clontech Laboratories 
(Palo Alto, CA). Grace’s insect cell culture medium, gentamicin, and fungi- 
zone were purchased from Life Technologies (Gaithersburg, MD). Low melt- 
ing gel agarose was obtained from FMC Bioproducts (Rockland, ME). Re- 
striction endonucleases, T4 ligase, and other molecular biology reagents were 
purchased from New England Biolabs (Beverly, MA) or Boehringer Mann- 
heim (Indianapolis, IN). Both BALB/c and athymic nude mice were purchased 
from Harlan-Sprague-Dawley (Indianapolis, IN). 
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Antibodies and Cell Lines 

chLym-1 (IgGl k) was constructed and expressed as described previously 
(21). MAb muLym-1 (IgG^) directed against a variant of the HLA-Dr antigen 
expressed in human B-cell lymphomas and muLym-2 directed against a 
different B-cell epitope (22) were obtained from Techniclone International, 
Inc. (Tustin, CA). The murine B72.3 MAb directed against the TAG-72 
antigen expressed on colorectal carcinoma cells (23) was obtained from 
Cytogen Corp. (Princeton, NJ). muLym-1 F(ab') 2 fragments and biotinylated 
muLym- 1 were prepared as described previously (24, 25). muLym-1 anti- 
idiotype MAb 1A7 was produced and purified as described previously (21). 
,25 I~labeled MAbs were prepared as described previously (21). 

The Raji cell line, derived from an African Burkitt’s lymphoma, was used 
to determine specific binding of Lym- 1 -derived antibodies (22). Raji cells were 
grown in RPMI 1640 (Irvine Scientific, Irvine, CA) supplemented with 10% 
fetal bovine serum (Hyclone Laboratories, Logan, UT), L-glutamine, penicillin 
G (100 units/ml), and streptomycin (100 p.g/ml). 

Sf9 (Clontech) and High Five (Invitrogen, San Diego, CA) cells were grown 
in EX-CELL 400 serum-free medium (JRH Biosciences) with fungizone (2.5 
g/liter) at room temperature in an orbital shaker. Viral stocks were produced by 
infecting attached cell cultures at a low multiplicity of infection and harvesting 
2-4 days after infection. 

Construction and Expression of chLym-l/IL-2 Fusion Protein 

Construction of the expression vector was carried out using standard tech- 
niques. A BV transfer vector for chLym-1, pBVchLym-1 (21), was used as the 
parent vector. This vector carries the cDNA sequences for the human-mouse 
chLym-1 heavy chain under the control of the polyhedrin promoter and light chain 
under the control of the pi 0 promoter. Two oligonucleotides, 5 ' -GG AACT ACT - 
GGTGGCGGTGGCGCTAGCGC ACCT ACTTC AAGTTCT AC A-3 ' and 5'- 
GTATCTACTAGTTC AAGTTAGTGTTGAG ATG ATGCT-3 ' , were used to 
amplify the human IL-2 gene from a plasmid template obtained from the American 
Type Culture Collection (clone 67618; Rockville, MD). The PCR fragment was 
inserted into the Spe I site of pBVchLym-1, resulting in the BV transfer vector 
pBVchLym- l/IL-2, encoding the chimeric light chain, and a fusion protein con- 
sisting of the chLym-1 heavy chain with human EL-2 at its COOH terminus. 
Expression of chLym- l/IL-2 was carried out as described previously (21). Briefly, 
purified pBVchLym- l/IL-2 was cotransfected into Sf9 cells with linear viral DNA 
BacPAK6 ( Bsu36 /-digested; Clontech) using Lipofectin (Life Technologies) 
according to the manufacturer’s protocol. Five days after cotransfection, the 
virus-containing supernatant medium was collected, serially diluted, and used to 
infect fresh monolayers of Sf9 cells. Three days after infection, 0.01% neutral red 
was added in the agarose overlay during plaque identification to assist in the 
visualization of recombinant virus. Several well-isolated plaques were selected, 
and small-scale infections with these putative recombinant viruses were performed 
to amplify the viruses. The recombinant BVs were identified by Western blot and 
ELISA for producing chimeric antibody. 

Fusion Protein Purification 

chLym- l/IL-2 was purified from the infected High Five cell culture medium 
by protein A affinity chromatography as described previously (21). Protein 
concentration of purified chLym- l/IL-2 preparations was determined spectro- 
photometrically . Purity of chLym- l/IL-2 was examined by SDS-PAGE of 
samples in reducing gels according to the method of Laemmli (26). 

Immunoassays 

ELISA for chLym-l/IL-2. Identification of chLym- l/lL-2-containing su- 
pernatants was initially carried out by indirect ELISA with muLym-1 anti- 
idiotype antibody 1A7 essentially as described previously (21). Purified 
chLym- 1 was used as the positive control, and wild-type BV supernatant was 
used as the negative control. 

ELISA for IL-2* For the detection of the IL-2 portion of chLym-l/IL-2, 
plates were coated with MAb 1 A7, incubated with chLym- l/IL-2, chLym-1, or 
wild-type BV supernatant, as above. Rabbit antihuman IL-2 was used as the 
secondary antibody (BioSource International, Camarillo, CA), followed by 
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin. The an- 
tibody binding was developed and detected as described previously (2 1 ). 



Raji Cell Competition RIA. The antigen-binding activity of chLym-1/ 
IL-2 was determined by a competition RIA for binding to live Raji lymphoma 
cells. For these studies, 2 X 10 6 washed Raji cells were aliquoted to individual 
tubes and incubated with 20 ng of ,23 I-labeled muLym-1 and increasing serial 
dilutions of cold muLym-1, chLym- l/IL-2, or an irrelevant MAb (muLym-2). 
The cells and MAbs were incubated for I h at room temperature with constant 
mixing. After incubation, the cells were washed twice, and the cell pellet- 
associated radioactivity was measured in a gamma counter. Maximal binding 
was determined from tubes containing no cold antibodies. 

IL-2 Bloassay 

Biological activity of chLym- l/IL-2 preparations was determined by a 
standard IL-2-dependent T-cell proliferation assay (27). Two IL-2 standards 
were used. Carrier-free IL-2 was obtained from Hoffmann-La Roche, Inc. 
(Nutley, NJ). Roche IL-2 stock (7.4 mg/ml, specific activity —45 X I0 6 lU/ml) 
was diluted to yield a stock solution containing 1 X 10 6 Biological Response 
Modifier Program units/ml (3 x I0 6 IU/ml). IL-2 was additionally obtained 
from Cetus (Emeryville, CA) at a specific activity of 18 X 10 6 IU/ml and 
diluted with water according to the manufacturer’s instructions. The growth of 
the IL-2-dependent murine T-cell line, CTLL-2, was used to determine the 
amount of IL-2 bioactivity in a sample. Briefly, serially diluted samples and 
standards were incubated with 4 x I0 5 CTLL-2 cells in triplicate for 15 h at 
37°C in 96-well flat-bottom microtiter plates. The cells were then pulsed with 
0,5 pCi of [ 3 H]thymidine for 6 h, and the samples were harvested and counted. 



Cytotoxicity Assays 

ADCC was performed using the chromium release method described pre- 
viously (21). Briefly, Raji cells were labeled for 2 h at 37°C with 250 fxC i 
Na 2 5, Cr0 4 in RPMI 1640. The cells were subsequently washed and added to 
96-well V-bottomed microtiter plates. Different antibody preparations 
(chLym- l/IL-2, chLym-1. muLym-1 , or muB72.3) were added in triplicate to 
individual wells at various antibody concentrations (10-0.001 jxg/ml). Fresh 
peripheral blood mononuclear effector cells from healthy human donors were 
immediately added at various effectontarget cell ratios to the assay plates. The 
plates were incubated for 4 h at 37°C and centrifuged. Supernatants were then 
harvested, and the radioactivity was measured in a gamma counter. Maximum 
release was obtained by lysing the Raji cells with 10% SDS. Spontaneous 
release was detected in the wells that contained only target cells without 
antibody. The percentage of specific lysis or cytotoxicity was calculated as: 



% specific lysis = 



Experimental release - spontaneous release 
Maxima] release — spontaneous release 



X 100 



CMC was determined using an assay similar to that described above for 
ADCC, except that instead of effector cells, complement was added to the 
labeled Raji cells. Fresh human serum was used as a source of complement. 
Serum was added to each well, and the cells were incubated at 37°C for 4 h in 
the presence of different antibody preparations at various concentrations. 
Supernatants were harvested and counted. The percentage of specific lysis or 
cytotoxicity was calculated as for ADCC. ANOVA was used for statistical 
analysis of these data. 



IEF of Purified MAbs 

pis were determined by IEF in a Bio-Rad model 1 1 1 Mini IEF cell through 
a pH gradient constructed with a mixture of BioLyte ampholytes (Bio-Rad) at 
concentrations of 1.2% 3/10 ampholyte and 0.8% 5/8 ampholyte according to 
protocols provided by Bio-Rad. Purified antibodies were applied directly to the 
gel. and IEF was carried out under constant voltage. IEF standards (Bio-Rad) 
were included in each run to determine the pi of the samples. IEF gels were 
fixed and stained with Coomassie blue R-250 and dried overnight. 

Determination of Antibody Avidity 

To determine the avidity constant ( K a ) of chLym- l/IL-2, a live cell RIA was 
performed using a directly labeled antibody preparation by the method of 
Frankel and Gerhard (28). Each experimental variable was run in duplicate. 
Washed Raji cell suspensions containing I0 6 cells/ml were added to test tubes, 
and the cells were incubated with 10-110 ng of ,25 I~labeled chLym- l/IL-2 in 
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200 /jtl of PBS for 1 h at room temperature with constant shaking. The cells 
were then washed three times with PBS containing 1% BSA to remove 
unbound antibody and counted in a gamma counter. The amount of bound 
antibody was then determined by the remaining cell-bound radioactivity (cpm) 
in each test tube and the specific activity (cpm/ng) of the radiolabeled MAb. 
Scatchard plot analysis was used to obtain the slope of the data. From the 
slope, the equilibrium, or avidity constant K a , was calculated by the equation 
K = -(slope/*), where n is the valence of the antibody (2 for IgG). 

Pharmacokinetic and Biodistributioo Studies 

Six-week-old non-tumor-bearing BALB/c mice were used to determine 
pharmacokinetic clearance of chLym-1 and chLym-l/IL-2. Different groups of 
BALB/c mice (n - 5) were given i.p. injections of radiolabeled MAbs (30-40 
/xCi/mouse). The whole-body activity at injection and at selected times there- 
after was measured with a CRC-7 microdosimeter (Capintec Inc., Pittsburgh, 
PA). The data were analyzed, and half-lives were determined using the 
RSTRIP pharmacokinetic program (MicroMath, Inc., Salt Lake City, UT). 

To determine tissue biodistribution of chLym-l/IL-2, female athymic nude 
mice (BALB/c background) were obtained at approximately 6 weeks of age. 
The mice were irradiated with 400 rads from a cesium source and 3 days later 
were injected with a 0.2-ml inoculum consisting of 4 X 10 7 Raji cells and 
4 X 10 6 human fetal lung fibroblast feeder cells s.c. in the left thigh. The 
tumors were grown for 12-18 days until they reached —1 cm in diameter. 
Within each group of mice ( n = 5), individual mice were injected i.v. with a 
0.2-ml inoculum containing 100 /iCi/10 jig of ,23 I-labeled chLym- l/IL-2. All 
animals were sacrificed by sodium pentobarbital overdose at 24 and 72 h 
postinjection, and various organs, blood, and tumor were removed and 
weighed. The samples were then counted in a gamma counter. For each mouse, 
data were expressed as tumor. organ ratio (cpm per gram tumor/cpm per gram 
organ) and percent injected dose/gram (%ID/g). From these data, the mean and 
SD were calculated for each group. 

Enhancement of Vascular Permeability 

To demonstrate that pretreatment with chLym-l/IL-2 leads to increased 
vascular permeability at the tumor site and increased uptake of macromole- 
cules, the following studies were undertaken. Raji tumor-bearing mice gener- 
ated as above were injected i.v. with 50 p g of chLym-1 /IL-2 followed 3 h later 
by a 0.2-ml inoculum containing 100 /iCi/10 fxg of 123 1- labeled chLym-1 or 
,25 I- labeled mouse albumin. Twenty-four (mouse albumin) or 72 (chLym-1) hr 
later, biodistribution studies were performed as above. Student's t test was 
used for statistical analysis of these data. 

RESULTS 

Construction, Expression, and Purification of chLym-l/IL-2. 
The human y\ sequence of the chLym-1 heavy chain was mutated by 
PCR using primers to generate a unique Spe I restriction endonuclease 
site immediately before the yi stop codon. A PCR fragment contain- 
ing the human IL-2 gene preceded by a five amino acid linker was 
then inserted into the Spe I site, resulting in a Lym-1 V^/human 
y 1/human IL-2 fusion gene (Fig. 1). The fusion gene was digested 
with Bglil and BamHl and cloned into the Bam\H site of the BV 
transfer vector containing the chLym- 1 light chain gene to generate the 
complete vector pBVchLym- l/IL-2. The fusion genes were expressed 
in High Five insect cells, and the protein product was purified from 
the supernatant by protein A affinity chromatography. The chLym-1/ 
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Fig. 1 . Schematic diagram depicting the linker between the human y! and human IL-2 
genes in the chLym-1 heavy chain//L-2 fusion gene. 
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Fig. 2. Electrophoretic identification of chLym- l/IL-2. Coomassie blue-stained reduc- 
ing SDS-PAGE gel of purified chLym- 1 ( Lane 2) and chLym-l/IL-2 (Lane i). Lane I 
coo tarns molecular weight standards (kJDa). 
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Fig. 3. Competition binding assay with muLym-1 and chLym-l/IL-2. Purified MAbs 
were assayed for their ability to inhibit binding of ,25 I-labeled muLym-l to Raji lym- 
phoma cells. muLym- 1 and Lym-2 served as positive and negative controls, respectively. 

IL-2 expressed in this system was correctly processed and assembled 
into the expected immunoglobulin monomer as demonstrated by 
SDS-PAGE in reducing gels with the observation of two well-defined 
bands at 25 and 66 kDa, corresponding to the molecular weights of 
immunoglobulin light chain and heavy chain plus human IL-2 (Fig. 
2). IEF of chLym- l/IL-2 gave a pi of 8.4, whereas chLym- 1 focused 
into a single band of pi 8.7 (data not shown). 

Immimobtoch ewiica l Analysis. Purified chLym- l/IL-2 was eval- 
uated for its immunoreactivity with the target antigen of muLym- 1 by 
assaying its binding to antigen-bearing Raji lymphoma cells. In a RIA, 
increasing concentrations of chLym- l/IL-2, muLym-1, or an irrele- 
vant MAb (muLym-2) were evaluated for their ability to inhibit 
binding of ,25 I-labeled muLym-1 to Raji cells (Fig. 3). muLym-2 was 
unable to compete with l23 I-labeled muLym-1, but cold chLym-1/ 
IL-2 and muLym- 1 were able to inhibit 100% of the ,23 I-labeled 
muLym-1 binding to Raji cells. These studies confirm that chLym-1/ 
IL-2 maintains the immunoreactivity of muLym-1 . 

Avidity binding studies were conducted in which ,25 I-labeled 
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Fig. 4. ADCC activity of chLym-l/IL-2. MAbs were cultured with 51 Cr- labeled Raji 
target cells and human peripheral blood mononuclear cell effectors at varying concentra- 
tions of MAb and E:T ratios os indicated. A, E:T ratio was held constant at 100: 1 , and the 
MAb concentration was increased from 0.001 to 10 *tg/ml. B, the MAb concentration was 
held constant at 1 fig/ml, and the E:T ratio was increased from 10: 1 to 200: 1 . At all ratios: 
*» significant increase over muLym-1 (P < 0.001); significant increase over chLym-1 
(P *» 0.001). Human IgG and murine B72.3 served as negative controls. 



biological activity of the IL-2 moiety, we assayed the ability of 
chLym-l/IL-2 to support IL-2-dependent T-cell proliferation. A bio- 
assay with the IL- 2 -dependent CTLL-2 line was performed; chLym- 
l/IL-2 was assayed, along with IL-2 standards (Fig. 6). On a molar 
basis, chLym-l/IL-2 had an average of 25% of the activity required to 
produce 50% maximum proliferation of the IL-2-dependent cell line 
compared to recombinant IL-2 standards. At higher concentrations 
(e.g. t >1 nM), maximum proliferation was achieved as evidenced by 
the plateau of the incorporation of [ 3 H]thymidine into DNA. 

In Vivo Pharmacokinetic and Tumor Binding Studies. Whole- 
body clearance studies were performed to establish pharmacokinetic 
differences between chLym-1 /IL-2 and chLym-1. Normal non-tumor- 
bearing mice were injected with ,25 I-labeled chLym-l/IL-2, and the 
whole-body activity was determined at various time points by placing 
the mice in a microdosimeter. chLym-1 /IL-2 cleared very fast and had 
a whole-body half-life of 1 1 h (Fig. 7). By comparison, the whole- 
body half-lives of chLym-1 and muLym-1 were 20 and 99 h, respec- 
tively. The faster clearance of chLym-1 /IL-2 was apparent when its 
tumor uptake was assayed by biodistribution in tumor-bearing nude 
mice (Table 1). Compared to chLym-1, the overall uptake of chLym- 
l/IL-2 was significantly lower in vivo (2.74 ± 0.16% and 
2.82 ± 0.18% versus 4.34 ± 0.73% and 4.95 ± 0.32% ID/g at 24 h 
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Fig. 5. CMC activity of chLym-l/IL-2. MAbs were cultured with 5, Cr-labeled Raji 
target cells and fresh human serum as a complement source at varying MAb concentra- 
tions as indicated. Human IgG and murine B72.3 served as negative controls. 



chLym-1 /IL-2 or chLym-1 was incubated with live Raji cells, and the 
percentage of bound radioactivity was used to calculate the avidity 
constant K a as described in “Materials and Methods.” chLym-1 /IL-2 
and chLym-1 had similar binding constants of 3.26 X 10 8 M~ l and 
3.92 X 10 s M~ *, respectively. 

Cytotoxicity Studies. chLym-1 /IL-2 and chLym-1 were evaluated 
for their ability to mediate ADCC and CMC in standard 51 Cr release 
assays against Raji target cells. chLym-1 /IL-2 mediated approxi- 
mately 2-fold higher ADCC than chLym-1 at the maximal MAb 
concentration of 1 /xg/ml when the effector target cell ratio was held 
constant at 100: 1 (Fig. 4*2 ). When the antibody concentration was held 
constant at 1 /xg/ml and the effector target cell ratio varied, maximal 
cytotoxicity of 85% was obtained at a ratio of 200:1 (Fig. 4b). 
ehLym-l/EL-2 was also evaluated for its ability to induce CMC, and 
it induced 67% cytotoxicity at a MAb concentration of 1 /xg/ml, 
approximately the same as that induced by chLym-1 (Fig. 5). 

EL-2 Bioactivity of chLym-l/IL-2. Because our initial hypothesis 
was that a genetically engineered fusion protein would maintain 




nM IL-2 

Fig. 6. Biological activity of chLym-1 /IL-2 as determined by the ability to support the 
proliferation of CTLL-2 cells. Serial dilutions of samples and recombinant IL-2 standards 
were incubated with 4 X 10 5 CTLL-2 cells in triplicate for 15 h at 37°C. The cells were 
pulsed with 0.5 jxCi of { 3 H]thymidine for 6 h. and the samples were harvested and 
counted. 
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Fig. 7. Whole -body pharmacokinetic clearance of muLym-1, chLym-1. and chLym- 
l/IL-2 in non-tumor-bearing mice. Bars. SD. 

(P = 0.001) and 72 h (P < 0.0001), respectively; the data for 
chLym-1 have been published previously (21)). Tumonorgan ratios, 
indications of normal organ uptake, were considerably higher, how- 
ever, with chLym-1 /IL-2. Tumorrblood ratios, normally the lowest of 
all organs (indicating high uptake in blood), were 18:1 and 420:1 at 
72 h for chLym-1 and chLym-1 /IL-2, respectively. This lower normal 
organ uptake for chLym-1 /IL-2 indicates that very little of this reagent 
is binding to normal tissues, where toxicity caused by the IL-2 moiety 
can occur. 

Enhancement of Vasopermeabiiity at the Tumor Site. chLym- 
l/IL-2 was assayed for its ability to induce vasopermeabiiity at the 
tumor site and increase uptake of radiolabeled mouse albumin and 
chLym-1. Raji lymphoma-bearing nude mice were injected with 50 
p.g of chLym-1 /IL-2 or chLym-1 and 3 h later injected with !25 I- 
labeled mouse albumin. The mice were sacrificed 24 h later, and 
biodistribution analysis was performed. In this study, pretreatment 
with the vasoactive fusion protein increased the tumor uptake of 
radiolabeled mouse albumin 2.5-fold (Table 2). 

In a second study, Raji lymphoma-bearing nude mice were injected 
with 50 jig of chLym-l/IL-2 fusion protein, followed 3 h later with 
,25 I-labeled chLym-1 . The control mice received ,25 I-labeled 
chLym-1 without pretreatment. Biodistribution analysis was per- 
formed after 3 days for both groups. The results of this study were 
consistent with those seen with the muLym-1 /IL-2 chemical conjugate 
(Table 3), although the magnitude of the enhancement was less. 
Uptake of chLym-1 was increased from 4.95 ± 0.32% with no 



pretreatment to 6.53 ± 0.29% after chLym- l/IL-2 pretreatment, a 
32% increase in tumor uptake of radiolabeled antibody (P < 0.0001). 
As shown below, even more dramatic increases were noted in the 
tumorrorgan ratios by chLym-1 /IL-2 pretreatment with values now 
more than 1000:1 in some organs. 

DISCUSSION 

In this study, a genetically engineered fusion protein consisting of 
the chimeric MAb Lym-1 and IL-2 has been generated that retains 
both tumor targeting and cytokine activities. The insect BV expression 
system was used to facilitate the rapid generation and characterization 
of the fusion protein because recombinant proteins can be attained 
much more quickly in this system than in a mammalian expression 
system. Moreover, the production of recombinant proteins in insect 
cells allows for correct processing, folding, and glycosylation (29). 
However, because the BV produces a lytic infection that kills the 
infected cells after a short period of time and therefore results in 
relatively low expression levels (5-10 jAg/ml), it is not well suited for 
large-scale production. To produce high levels of chLym-1 /IL-2 for 
clinical evaluation, the glutamine synthetase gene amplification sys- 
tem is being used for expression from myeloma cells (30). This 
mammalian expression system can enable large-scale expression lev- 
els up to 500 p.g/ml. 

Biochemical analysis of the chLym-1 /IL-2 fusion protein dem- 
onstrates the presence of two IL-2 moieties per antibody molecule 
as evidenced by the increase in molecular weight over native 
chLym- 1 (Fig. 2). The IL-2 moiety is present at the COOH termi- 
nus of the immunoglobulin heavy chain following a short peptide 
linker that enables proper folding of the IL-2. Extensive analysis of 
the fusion protein shows that the antibody binding sites success- 
fully compete with chLym-1 and muLym-1 in Raji binding assays 
and that there is little change in the affinity binding constant of the 
fusion protein when compared with native antibody. The functional 
properties of the IL-2 component of the fusion protein were dem- 
onstrated by several methods, including bioassay, ADCC studies, 
and vascular permeability determinations in tumor-bearing nude 
mice. The results of these studies demonstrate that the fusion 
protein retains the proliferation, cytotoxic activation, and vasoper- 
meabiiity activities of IL-2. Specifically, the fusion protein is able 
to support in vitro T-cell proliferation at one-fourth the level of 
recombinant IL-2 and produces a 2- and 4-fold higher ADCC 
response when compared to chLym-1 and muLym-1, respectively. 
Like chLym-1, the fusion protein shows a markedly decreased 
whole-body half-life compared to muLym-1 due to the presence of 
human sequences. Despite a whole-body half-life that is 9-fold 
shorter than muLym-1 (1 1 h versus 99 h), biodistribution analyses 



Table 1 Biodistribution of chLym- l/IL-2 in nude mice bearing Raji lymphoma tumors 



Organ 


% Injected dose/gram 






Tumorrorgan ratio 


24 h 


72 h 


24 h 


72 h 


Blood 


0.08 (0.04)" 


0.03 (0.00) 


41.75(18.58) 


110.86(17.23) 


Skin 


0.06 (0.03) 


0.02(0.01) 


50.72(15.95) 


126.27 (37.32) 


Muscle 


0,02 (0.02) 


0.01 (0.00) 


195.22 (94.46) 


446.03(121.54) 


Bone 


0.06 (0.04) 


0.03(0.01) 


63.47 (33.53) 


114.60(32.56) 


Heart 


0.05 (0.04) 


0.01 (0.00) 


75.43 (43.43) 


239.77 (64.28) 


Lung 


0.12(0.07) 


0.03 (0.01) 


32.42 (22.20) 


96.89 (21.90) 


Liver 


0.16(0.06) 


0.05 (0.03) 


18.32 (5.46) 


145.03 (200.82) 


Spleen 


0.07 (0.04) 


0.02 (0.01) 


50.59 (23.12) 


183.49 (95.90) 


Pancreas 


0.04 (0.04) 


0.02 (0.01) 


131.91 (82.44) 


209.66(131.23) 


Stomach 


0.30(0.47) 


0.04 (0.02) 


37.88 (27.45) 


83.18(36.62) 


Intestine 


0.07 (0.08) 


0.02(0.01) 


74.05 (42.23) 


207.71 (85.19) 


Kidney 


0.64 (0.19) 


0.28 (0.07) 


4.54(1.19) 


10.59 (2.04) 


Tumor 

a % M ynrkv 


2.74 (0.16) 


2.82 (0.18) 







" Mean (SD). 
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Tabic 2 Biodistribution of 125 1- labeled mouse albumin 24 h after pretreatment with 
chLym~l or genetically engineered chLym l/lL-2 vasoactive fusion protein 



Prctreatment (3 h) 


l25 I-labeled albumin uptake in tumor 


chLym-1 


0.90 ± 0.28 


chLym- l/IL-2 


2.25 ±0.14" 



a P< 0 . 0001 . 



demonstrate good tumor uptake of -3.0% dose/gram, which is 
maintained from 24 to 72 h postinjection. These data indicate that 
the radiolabeled antibody is stably retained at the tumor site. 
Because of this property and the relatively fast clearance of the 
fusion protein, tumorrnormal tissue ratios are high at 72 h in the 
range of 200:1 for most organs. Finally, the Lym-l/IL-2 fusion 
protein was shown to be an effective enhancer of radiolabel uptake 
in tumor when used as a pretreatment. As depicted in Table 3, a 3-h 
pretreatment of 50 jxg of chLym-l/IL-2 produced a 32% increase 
in the uptake of radiolabeled chLym-1 in the tumor and tumor: 
normal tissue ratios of more than 1000:1 in some organs at 3 days. 
In a second experiment, chLym-l/IL-2 was used as a pretreatment 
for I25 I-labeled mouse albumin. Twenty-four-h biodistribution 
analysis of this study showed that chLym-l/IL-2 induced a 2.5-fold 
increase in radiolabeled albumin uptake in tumor, indicative of its 
potent vasopermeability activity. The lower degree of enhancement 
in uptake compared to pretreatment with the muLym-1 chemical 
conjugate might be attributed to the rapid clearance of this xeno- 
geneic protein in the mouse. In patients, however, where clearance 
of the fusion protein would be expected to be slower, the effects of 
pretreatment with chLym-l/IL-2 would be expected to approach 
the values seen in the murine model. 

In view of these results, it appears that the genetically engi- 
neered chLym-l/IL-2 fusion protein can pretarget antigen-positive 
tumors and induce a localized vasopermeability effect. Used in this 
way, this fusion protein can enhance the delivery of macromole- 
cules, such as radiolabeled antibodies or drugs, to the tumor 
without affecting the vasculature of normal tissues and organs. 
With regard to its mechanism of action, it has been hypothesized 
that the effects of IL-2 may be due to the induction of a diffusible 
second messenger, possibly nitric oxide, because inhibitors of this 
molecule appear to abrogate the vasopermeability effects of IL-2 
(31, 32). This would explain why pretargeting of IL-2 to tumor 
cells is effective despite the fact that it localizes distant from its 
site of action, i.e., the tumor endothelium. In our previous study 
(14), we showed that the linkage of IL-2 to an irrelevant antibody 
had no effect on the permeability of tumor vessels, indicating that 
the IL-2 moiety must accumulate and be retained at the tumor site 
before inducing its effect. 



There is a great body of literature that describes the therapeutic 
potential of IL-2 in the treatment of cancer (33, 34). Researchers, 
however, have only just begun to explore the use of IL-2 in conjunc- 
tion with MAbs. Previous studies by Gill et al. (35) using free IL-2 
and muLym-1 and other MAbs (36-39) have demonstrated that the 
combination of these reagents produces a more potent ADCC reaction 
both in vitro and in vivo , causing significant retardation of tumor 
growth. Moreover, more sophisticated experiments using gene trans- 
fer have shown that tumor cells engineered to secrete functional IL-2 
selectively inhibit tumor cell growth in susceptible hosts. Tumor 
models used to demonstrate the effectiveness of this approach include 
mouse mammary cells (40), mouse neuroblastoma cells (41), mouse 
thymoma cells (42), mouse Lewis lung carcinoma cells (43), human 
melanoma (44), and human acute leukemia cells (45). Although these 
methods are presently impractical in the clinical setting, they do 
demonstrate the importance of targeting IL-2 to the tumor to obtain 
optimal therapeutic efficacy while producing minimal toxicity. An 
alternative approach is the generation of recombinant antibody-IL-2 
fusion proteins using the pan-carcinoma MAb L6 (46), the anti-GD2 
chimeric MAb chi 4. 18 (47-49), an antilysozyme single-chain MAb 
(50), the antihuman epidermal growth factor receptor chimeric MAb 
ch225 (51), and the anticolon carcinoma TAG-72 single chain 
MAb (52, 53). As in our experiments, these investigators were able to 
demonstrate retention of IL-2 cytokine activity, which could be tar- 
geted to the tumor in appropriate animal models. As stated by Nara- 
mura et al. (51), one of the important rationales for producing these 
fusion proteins is the ability to deliver relatively larger amounts of 
IL-2 to the tumor site in such a way as to minimize the toxicity seen 
with systemically administered IL-2. Indeed, the major reason for 
developing these novel reagents is to harness the cytokine activity of 
potent immunostimulatory molecules close to their site of action. In 
our study, we intend to use an additional property of IL-2, i.e., its 
vasopermeability effects, to increase the amount of therapeutic anti- 
body or drug targeting the tumor. To test the cytokine functionality of 
the chLym-I/IL-2 fusion protein, studies will have to be conducted in 
clinical trials because the Lym-1 antigen is not present in animal 
lymphomas, and an appropriate animal tumor model is therefore not 
available. Like Gillies et al. (47, 48), we believe that antibody fusion 
proteins represent a new approach for the delivery of potent cytokines 
to the tumor. As demonstrated by our studies, these reagents may be 
used additionally to enhance antibody uptake in tumors to improve 
their therapeutic potential. Moreover, a two-pronged attack repre- 
sented by the delivery of both a radionuclide and IL-2 may produce 
better therapeutic responses than treatments using either a radionu- 
clide or the cytokine alone. 



Table 3 Biodistribution of 125 1 -labeled chLym- 1 72 h after pretreatment with genetically engineered chLym- 1 /IL-2 vasoactive fusion protein 



% Injected dose/gram 



Tumororgan ratio 



Organ 



No pretreatment 



Prc treatment 



Blood 

Skin 

Muscle 

Bone 

Heart 

Lung 

Liver 

Spleen 

Pancreas 

Stomach 

Intestine 

Kidney 

Tumor 

a Mean (SD). 

b Significant increase in 



0.36(0.10)" 
0.19(0.05) 
0.05 (0.02) 
0.08 (0.04) 
0.15 (0.08) 
0.47 (0.46) 
0.14(0.02) 
0.16(0.08) 
0.08 (0.02) 
0.09 (0.03) 
0.06(0.02) 
0.25 (0.05) 
4.95 (0.32) 



(P < 0.0001). 



0.02 ( 0 . 01 ) 
0.03(0.01) 
0.01 ( 0 . 00 ) 
0.02 ( 0 . 01 ) 
0.01 ( 0 . 00 ) 
0.02 ( 0 . 01 ) 
0.04 (0.01) 
0 . 02 ( 0 . 01 ) 
0.01 ( 0 . 00 ) 
0.02 ( 0 . 01 ) 
0.01 ( 0 . 00 ) 
0.13(0.05) 
6.53 (0.29)* 



No pretreatment 

14.79 (4.13) 
27.00(6.79) 
99.53 (32.45) 
67.25 (25.84) 
44.92 (26.25) 
16.40 (8.51) 
36.15(6.06) 
37.54(16.97) 
68.06(19.76) 
62.09(19.53) 
93.03 (33.58) 
20.52 (4.36) 



Pre treatment 

420.36 (253.13) 
364.55 (280.74) 
1708.30(1188.18) 
417.33(176.05) 
932.59 (585.24) 
403.32(137.84) 
182.84 (75.15) 
336.59(199.26) 
1143.45(722.17) 
473.67(181.32) 
837.28 (346.82) 
55.68 (20.58) 
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The L49 (IgGi) monoclonal antibody binds to P 97 (melanotransferrin) , a tumor-selective antigen that 
is expressed on human melanomas and carcinomas. A recombinant fusion protein, L49~sFv-bL, that 
contains the antibody binding regions of L49 fused to the Enterobacter cloacae r2-l /Mactamase (bL) 
was constructed, expressed, and purified to homogeneity in an Escherichia coli soluble expression 
system The variable regions of L49 were cloned by reverse transcription -polymerase chain reaction 
rrom L49 hybridoma mRNA using signal sequence and constant region primers. Construction of the 
gene encoding L49-sFv-bL was accomplished by hybridization insertion of V H , V T and sFv linker 
sequences onto a pET phagemid template containing the bL gene fused to the pe IB leader sequence. 
Optimal soluble expression of L49-sFv-bL in E. coli was found to take place at 23 °C with 50 uM 
isopropyl /i-D-thiogalactopyranoside induction and the use of the nonionic detergent Nonidet P-40 for 
isolation from the bacteria. Construction and expression of a soluble form of the p97 antigen in Chinese 
hamster ovary cells allowed affinity- based methods for analysis and purification of the fusion protein 
Surface plasmon resonance, fluorescent activated cell sorting, and Michael is-Menten kinetic analyses 
showed that L49-sFv-bL retained the antigen binding capability of monovalent L49 as well as the 
enzymatic activity of bL. In vitro experiments demonstrated that L49-sFv-bL bound to 3677 melanoma 
cells expressing the p97 antigen and effected the activation of 7-(4-carboxybutanamido)cephalosporin 
mustard (CCM), a cephalosporin nitrogen mustard prodrug. On the basis of these results, L49-sFv- 
bL was injected into nude mice with subcutaneous 3677 tumors, and localization was determined by 
measuring bL activity. Tumor to blood conjugate ratios of 13 and 150 were obtained 4 and 48 h post 
conjugate administration, respectively, and the tumor to liver, spleen, and kidney ratios were even 
hlg £fu A chemicaH y Produced L49-Fab'-bL conjugate yielded a much lower tumor to blood ratio (5.6 
at 72 h post administration) than L49-sFv-bL. Therapy experiments established that well-tolerated 
doses of L49-sFv-bL/CCM combinations resulted in cures of 3677 tumors in nude mice. The favorable 
pharmacokinetic properties of L49-sFv-bL allowed prodrug treatment to be initiated 12 h after the 
conjugate was administered. Thus, L49-sFv-bL appears to have promising characteristics for site- 
selective anticancer prodrug activation. 



INTRODUCTION 

A considerable amount of attention has been directed 
toward the use of monoclonal antibody— enzyme conju- 
gates in combination with suitable prodrugs for the 
selective delivery of chemotherapeutic agents to tumors 
(1~3). The monoclonal antibody (mAb 1 ) portions of these 
immunoconjugates recognize tumor-selective antigens 
and are capable of delivering the enzymes to tumor cell 
surfaces. Once tumor localization and systemic conjugate 
clearance have taken place, a prodrug form of a chemo- 
therapeutic agent is administered, which is converted 
into an active drug by the targeted enzyme. This leads 
to the selective delivery of anticancer drugs to sites of 
neoplasia. Pharmacokinetic studies have shown that the 
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0 Abstract published in Advance ACS Abstracts , June 15 
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1 Abbreviations: bL, ^-lactamase; CHO, Chinese hamster 
ovary; CCM, 7- (4-carboxybutanamido) cephalosporin mustard; 
FITC, fluorescein iso thiocyanate; IMDM, Iscove’s Modified 
Dulbecco s Medium; IPTG, isopropyl /I-D-thiogalactopyranoside; 
mAb, monoclonal antibody; PBS, 10 mM Na 2 HP0 4 , 1 mM KH 2 - 
PO 4 , 137 mM NaCl, 2.7 mM KC1, pH 7.4; PCR, polymerase chain 
reaction; PDM, phenylenediamine mustard; SDS-PAGE, so- 
dium dodecyl sulfate polyacrylamide gel electrophoresis; sp97, 
soluble p97 antigen; Tris, tris(hydroxymethyl)aminomethane. 
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intratumoral drug concentrations resulting from mAb- 
enzyme/prodrug combinations can be significantly greater 
than that achieved by systemic drug administration 
(4~6). This probably accounts for the observed antitumor 
activities, which include complete tumor regressions and 
cures in a number of different models for human cancer 
(7-10). 

Our recent research has focused on the use of antibod- 
ies against the human p97 (melanotransferrin) tumor 
antigen for the delivery of /^-lactamase (bL) to tumor cells 
(10). This antigen has been found to be overexpressed 
on a majority of clinical melanoma isolates and is also 
observed on human carcinomas (11—14). Significant 
antitumor activities have been obtained using the com- 
bination of a chemically conjugated anti-p97 Fab'-bL and 
CCM (10), a cephalosporin containing prodrug of PDM 
(Figure 1). These effects were observed in a melanoma 
tumor model that was resistant to the activities of PDM. 

A critical aspect of this targeting strategy surrounds 
the ability of the mAb to selectively deliver the enzyme 
to tumor cells and then clear from the systemic circula- 
tion before the prodrug is administered. The pharma- 
cokinetics of the immunoconjugate can be greatly influ- 
enced by the nature, valency, and molecular weight of 
the mAb and also by the way that the enzyme is attached. 
Typically, mAb— enzyme conjugates are prepared using 
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Figure 1 . Structures of the cephalosporin mustard prodrug 
CCM and the parent drug phenylenediamine mustard PDM. 

bifunctional cross-linking reagents that react with ex- 
posed amino acid residues on the individual proteins. 
Immunoconjugates produced in this manner are hetero- 
geneous due to the inherent lack of regiospecificity of the 
cross-linking reagents. In addition, these conjugates are 
typically isolated in low yields. Although recent papers 
describe alternative coupling chemistries that can afford 
higher yields of more homogeneous immunoconjugates 
(15—17), these methods still involve chemical modifica- 
tion steps that contribute to product heterogeneity. 

Recombinant technology offers an alternative method 
for producing homogeneous mAb-enzyme fusion proteins 
that can be designed to have appropriate pharmaco- 
kinetic properties for prodrug activation. There have 
recently been reports of the production, characterization, 
and activities of recombinant Fab, sFv, and disulfide- 
stabilized Fv— enzyme fusion proteins (4, 18—20). In this 
paper, we describe the construction, expression, and 
characteristics of L49-sFv-bL, an antibody ^-lactamase 
fusion protein that binds to the p97 antigen. We also 
detail the construction and expression of sp97, a soluble 
form of the p97 antigen that has proven to be useful for 
conjugate analysis and purification. In vitro and in vivo 
experiments are presented that illustrate the ability of 
L49-sFv-bL to activate the phenylenediamine mustard 
prodrug CCM on p97 positive human melanoma cells, 
selectively localize in human tumor xenografts in nude 
mice, and induce regressions and cures of established 
tumors when combined with CCM. 

MATERIALS AND METHODS 

Materials. The Enterobacter cloacae P99 bL gene was 
obtained from the plasmid pNU363 (21) and subjected 
to codon-based mutagenesis at the nucleotides corre- 
sponding to amino acids 286-290. The r2-l bL mutant, 
which has the sequence TSFGN at positions 286-290, 
was selected from the resulting library and displayed 
greater enzymatic activity than the wild type enzyme 
using cephalosporin doxorubicin as the substrate (22). 
L49-Fab'-bL was prepared as previously described by 
combining thiol-containing Fab' fragments of the anti- 
bodies with maleimide-substituted bL, forming a thio- 
ether link between the two proteins (23). CCM (24) and 
PDM (25) were prepared as previously described. 

Isolation and Characterization of the L49 mAh. 
The L49-producing hybridoma was developed using 
standard techniques as previously described for the 
isolation of other hybridomas (26). Balb/C mice were 
immunized repeatedly with the H2981 (lung carcinoma), 
CH3 (lung carcinoma), and W56 (melanoma) cell lines, 
all of which were derived from human tumors. Spleen 



cells from immunized mice were fused with the cell line 
P3X63-Ag8.563 (26) that was transfected with the neo- 
mycin resistance gene. Standard selection and cloning 
yielded a hybridoma producing the L49 IgGi mAb. 

Scatchard analysis of L49 binding was performed by 
radiolabeling the mAb with [ 125 I]Iodogen to a specific 
activity of 0.3 mCi/mg of protein. 3677 melanoma cells 
(10) in 96-well plates (13 000 cells/well) were incubated 
with 0.03—10 nM [ 125 I]L49 for 30 min on ice, and then 
the cells were separated from unbound radioactivity by 
centrifugation through silicon oil. The tubes were frozen, 
the cell pellet was cut from the supernatant, and both 
fractions were counted in a gamma counter. Binding 
affinity and the number of sites per cell were determined 
by Scatchard analysis (27). 

Soluble p97 (sp97). A secreted form of p97 (sp97) was 
made utilizing PCR-based mutagenesis to introduce a 
stop codon after cysteine 709 (14), three amino acids 
upstream of the glycophosphatidylinositol anchor domain 
(28, 29). The 3' oligonucleotide used in the PCR reaction 
contained the mutation changing the S710 codon to a stop 
codon. Coding sequences for 29 amino acids, including 
the membrane anchor region, were deleted from the 
carboxyl terminus of wild type p97. Cloning and expres- 
sion of sp97 were accomplished using a glutamine syn- 
thetase gene as an amplifiable marker in CHO cells (30). 
The sp97 gene was cloned into pEEI4 (31) and trans- 
fected into CHO-K1 cells by calcium phosphate copre- 
cipitation. Transformants were initially selected for 
resistance to 25 //M methionine sulfoximine, and sp97- 
secreting colonies were selected for amplification at drug 
concentrations of 100, 250, and 500 juM. The selection 
and amplification medium used was Glasgow Minimum 
Essential Medium without L-glutamine, tryptose phos- 
phate broth, or sodium bicarbonate supplemented with 
10% dialyzed fetal bovine serum. 

A cloned CHO cell line secreting sp97 was cultured in 
10 shelf cell factories. Soluble p97 was isolated from the 
medium on a 96.5 immunoaffinity chromatography col- 
umn as described previously for the purification of wild 
type p97 from melanoma cells (32). Small amounts of 
residual contaminants were removed by gel filtration on 
a Sephacryl S300 HR column (Pharmacia LKB) using 
PBS as eluant. Solutions containing sp97 were concen- 
trated by ultrafiltration to 1-5 mg/mL, sterilized by 
passage through a 0.1 /<m filter, and stored at 2-8 °C 
for up to 6 months without noticeable loss of biochemical 
or biological activity. 

Cloning of L49 Variable Regions and sFv Con 
struction. Construction of L49-sFv-bL by hybridization 
insertion was performed with materials and protocols 
from the Bio-Rad M13 mutagenesis kit, except for isola- 
tion of single-stranded phagemid template (Qiagen M13 
kit, M13K07 helper phage). The variable regions of the 
L49 mAb were cloned from the corresponding hybridoma 
mRNA by RT-PCR (Perkin-Elmer GeneAmp reagents 
and Model 9600 thermal cycler), using random hexamer 
primed reverse transcription reactions and signal se- 
quence and constant region PCR primers (33). Construc- 
tion of L49-sFv-bL began with a single- stranded template 
of the pET-26b phagemid containing the r2-l mutant of 
the E. cloacae P99 bL gene (22) fused to the pelB leader 
sequence. Hybridization mutagenesis was used to insert 
the 218 linker sequence (34) (chemically synthesized 
oligonucleotide, 5' TTCTGACACTGGCGTGCCCTTGG- 
TAGAGCCTTCGCCAGAGCCCGGTTTGCCA- 
GAGCCGGACGTCGAGCCGGCCATCGCCGGCTG-3') 

and full Vh and Vl region sequences (oligonucleotides 
produced by asymmetric PCR; V H forward primer, 5'- 

CCAGCCGGCGATGGCCGAGGTGCAGCTTCAGGAGT- 
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3'; V H reverse primer, 5'-AGAGCCGGACGTCGAGCCT~ 
GAGGAGACGGTGACAGAGG-3'; Vl forward primer, 5'- 
AGGCTCTACCAAGGGCGATTTTGTGATGACCCAAAC- 
3'; V L reverse primer, 5'TTCTGACACTGGCGTC- 
CGTTTGATTTCCAGCTTGG-30 in three consecutive 
insertion reactions between the pelB leader sequence and 
bL in a 5 / -pelB-VH~218-VL-bL-3 / orientation. 

Expression, Purification, and Characterization 
of L49 sFv bL. L49-sFv-bL was expressed as a soluble 
protein in E. coli strain BL21(ADE3) at 23 °C in 4 L 
baffled shake flasks. T-broth (1 L) containing 30 ^g/mL 
kanamycin was inoculated with several colonies of freshly 
transformed BL21(2DE3) cells. The flasks were shaken 
(200 rpm) at 37 °C until the absorbance at 660 nm 
reached 0.8, the culture was cooled to 23 °C, and IPTG 
(50 /*M) was added. Incubation at 23 °C with shaking 
was continued for an additional 16 h, at which time the 
absorbance at 660 nm was between 8 and 15. The cells 
were pelleted by centrifugation and resuspended in 30 
mM Tris, 2 mM EDTA, and 0.3% (v/v) Nonidet P-40 at 
pH 8.5 and 4 °C. The mixture was stirred gently for 1 h 
and repelleted, and the supernatant was decanted and 
filtered (0.2 jum). 

Purification of L49-sFv-bL was accomplished according 
to a two-step affinity purification. The above superna- 
tant was first applied to a Sepharose column of im- 
mobilized sp97 antigen. The column was washed with 
PBS until the absorbance at 280 nm reached the baseline 
level, and bound protein was eluted with 50 mM sodium 
phosphate and 100 mM NaCl at pH 11.2. Fractions 
containing the bound protein were neutralized with 1:10 
v/v of 3 M sodium phosphate, pH 7. This material was 
then subjected to Sepharose 4B m-aminophenylboronic 
acid affinity chromatography ( 35) using washing and pH 
11.2 elution conditions described above. The resulting 
preparation was dialyzed against PBS, filtered (0.2 /urn), 
and stored at 4 °C (0.1 — 1. 1 mg/mL) . 

Competition binding experiments were performed as 
described earlier (10, 36). Immunoassays were per- 
formed by coating polystyrene 96-well plates with sp97 
(0.1 mL, 2 /ig/mL in PBS, overnight, 4 °C). The plates 
were blocked by adding specimen diluent (Genetic Sys- 
tems Corp.) for 1 h at 22 °C, and the diluent was then 
removed. Fresh specimen diluent (0.1 mL) containing 
serial dilutions of the samples was added. After 1 h at 
22 °C, the plates were washed and developed for 15 min 
at room temperature with 0. 1 mL of a nitrocefin solution 
(37) at 0.1 mM in PBS containing 1% dimethylforma- 
mide. Absorbance measurements were read in an ELISA 
plate reader using a 490 nm filter with 630 nm as the 
reference wavelength. 

Surface plasmon resonance experiments were per- 
formed on a BIAcore 2000 instrument (Pharmacia) at 25 
°C. p97 was immobilized on a research grade CMS 
sensor chip (Pharmacia) using the recommeneded N- 
ethyl- AT- (dime thy la mi nop ropy l)carbodiimide/A/- 
hydroxysuccinimide coupling conditions. Before use, the 
sensor surface was subjected to several rounds of analyte 
binding, followed by regeneration to ensure a stable level 
of derivatization. The mobile phase buffer for im- 
mobilization was PBS containing 0.005% P20 surfactant 
(Pharmacia). For binding studies, 0.2 mg/mL bovine 
serum albumin was added to the buffer. 

In Vitro Cytotoxicity. 3677 melanoma cells were 
plated into 96-well microtiter plates (10 4 cells/well in 100 
//L of IMDM with 10% fetal bovine serum, 60 //g/mL 
penicillin, and 0.1 mg/mL streptomycin) and allowed to 
adhere overnight. For blocking experiments, the cells 
were incubated with unconjugated L49 at 1 juM for 30 
min prior to treatment with the L49 conjugates. The cells 



were treated with L49-sFv-bL or L49 Fab'-bL at 10 nM. 
After 30 min at 4 °C, the plates were washed three times 
with antibiotic-free RPMI 1640 medium (Gibco) with 10% 
fetal bovine serum, and then various concentrations of 
CCM were added. CCM and PDM were also added to 
cells treated with medium alone. After 1 h at 37 °C, cells 
were washed three times with IMDM and incubated for 
approximately 18 h at 37 °C. The cells were then pulsed 
for 12 h with [ 3 H]thymidine (1 ^Ci/well) at 37 °C, 
detached by freezing at -20 °C and thawing, and 
harvested onto glass fiber filter mats using a 96- well 
harvester. Radioactivity was counted using a LKB 
Wallac /3-plate counter. 

Conjugate Localization. Subcutaneous 3677 mela- 
noma tumors were established in female athymic nu/nu 
mice (8—12 weeks old, Harlan Sprague-Dawley, India- 
napolis, IN) by transplanting tumors that had been 
previously passaged as previously described (10). Tumor- 
bearing mice were injected iv with L49-sFv-bL (1 or 4 
mg of mAb component/kg) or with L49-Fab'-bL (1.8 
mg/kg). At various time intervals, the mice were anes- 
thetized, bled through the orbital plexus, and sacrificed. 
Tissues were removed and homogenized in PBS contain- 
ing 15/^g/mL aprotinin (2 mL/g of tissue). To the homo- 
genate was added 50 mM sodium phosphate containing 
100 mM NaCl at pH 11.2 (10 mL/g of tissue), and the 
suspension was mixed. After 20 min at room tempera- 
ture, 3 M sodium phosphate at pH 7.0 was added (2 mL/g 
of tissue), and the mixture was mixed and centrifuged. 

Quantification of conjugate concentrations was ac- 
complished using a direct enzyme immunoassay. Poly- 
styrene 96-well microtiter plates were coated with an 
affinity-purified rabbit polyclonal antiserum to wild type 
E. cloacae bL (1 //g/mL) and were then blocked with 
specimen diluent (Genetic Systems Corp.). Serially 
diluted tissue extracts or purified samples (L49-sFv-bL 
as a standard for the fusion protein samples, L49-Fab'- 
bL as a standard for the L49-Fab'-bL samples) were 
added to the wells and allowed to bind for 3 h at room 
temperature. The plates were washed and developed by 
the addition of 0.1 mL of nitrocefin (37) at 0.1 mM in 
PBS containing 1% dimethylformamide. Absorbance 
measurements were read in an ELISA plate reader using 
a 490 nm filter with 630 nm as the reference wavelength. 

In Vivo Therapy Experiments. 3677 tumor-bearing 
mice (subcutaneous implants, six animals/group, average 
tumor volume 130 mm 3 ) were injected with L49-sFv-bL 
(iv, 7-8 days post tumor implant), followed 12-48 h later 
by CCM using doses of fusion protein and prodrug as 
indicated under Results. Treatment with L49-sFv-bL + 
CCM was repeated 1 week later. Animals were moni- 
tored 1—2 times/week for body weight, general health, 
and tumor growth. Tumor volume was estimated using 
the following formula: longest length x perpendicular 
dimension 2 2. Cures were defined as an established 
tumor that, after treatment, was not palpable for >10 
tumor volume doubling delays (>40 days in the 3677 
tumor model). Maximum tolerated doses led to <20% 
weight loss and no treatment-related deaths and were 
within 50% of the dose at which such events took place. 

RESULTS 

Characterization of the L49 MAb. The L49 mAb 
(IgGi) binds to the p97 antigen, which has been shown 
to be present on most human melanomas and many 
carcinomas (11—13). Scatchard analysis of the binding 
of radiolabeled L49 to the 3677 human melanoma cell 
line indicated that the mAb bound with a dissociation 
constant of 1.0 nM (Figure 2). At saturation, there were 
approximately 2.1 x 10 4 molecules of L49 bound/cell. 
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Figure 2. Scatchard analysis of L49 mAb binding to 3677 
melanoma cells. 




L49-sFv-bL (pET-26b) 

Figure 3. Construction of L49-sFv-bL. Three successive hy- 
bridization insertion reactions were used to install the 218 
linker, variable heavy, and variable light chain sequences into 
a pET phagemid containing the r2-l mutant of the E. cloacae 
bL. Single-stranded (+) phagemid DNA was produced by 
infection of XL-1 Blue carrying the pET phagemids with 
M13K07 helper phage. An oligonucleotide coding for the 218 
linker sequence (*- strand), with complentary regions to the 3' 
end of the pelB sequence and the 5 ' end of the bL gene was 
prepared by chemical synthesis. Corresponding V H and V L 
sequences (— strand) were generated by asymmetric PCR. 

These values are very similar to those obtained for the 
96.5 mAb (10), which also binds to p97 but to an epitope 
different from the one that L49 binds to (unpublished 
data). 

Cloning and Expression of L49-sFv-bL. The vari- 
able region genes for the L49 mAb heavy and light chains 
were cloned from the L49 hybridoma line by reverse 
transcription PCR of hybridoma mRNA and amplification 
of the corresponding cDNA. A consensus sequence was 
determined by examining several clones from indepen- 
dent reverse transcription reactions to reduce the pos- 
sibility of reverse transcription or PCR-derived errors. 
The PCR primers used were complementary to the signal 
sequence and constant region of the mAb. Thus, the 
entire variable regions were obtained. 

L49-sFv bL was constructed in a stepwise fashion by 
hybridization insertion of the sFv linker, V H . and V L 
region sequences onto a single-stranded pET phagemid 
template containing the pelB leader sequence and bL 
gene (Figure 3). The particular bL gene used coded for 
a mutant of the E. cloacae P99 bL (r2-l) that contained 
the amino acids TSFGN at positions 286-290. This 
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Figure 4. (A) SDS-PAGE (4-20%) and (B) isoelectric focusing 
analyses (pH 3—10) of recombinant sp97 and wild type p97 
antigen. 

mutated bL has been shown to have greater activity than 
the wild type enzyme toward hydrolysis of some cepha- 
losporin prodrugs (22). The 218 linker sequence corre- 
sponds to amino acids GSTSGSGKPGSGEGSTKG and 
was used as the sFv linker on the basis of its ability to 
reduce sFv protein aggregation (34). An oligonucleotide 
coding for the 218 linker (— strand, produced by chemical 
synthesis) was first annealed to the phagemid template, 
resulting in a pelB-218-bL construct. Vh and V L region 
segments (produced by asymmetric PCR) were then 
inserted into the intermediate construct in two separate 
steps to generate the final L49-sFv-bL gene in an pelB- 
Vh-218-V l bL orientation. The pelB leader sequence 
results in transport of the protein into the periplasmic 
space of E . coli. No additional linker was placed between 
Vl and the bL enzyme. 

To facilitate the isolation and characterization of L49- 
containing fusion proteins, a soluble form of the p97 
antigen was developed. This was made by truncating the 
p97 gene at a site upstream of the region encoding the 
membrane-anchoring domain. The soluble antigen (sp97) 
was expressed in CHO-K1 cells and purified by affinity 
chromatography. SDS— PAGE analysis of recombinant 
sp97 indicated that it was slightly lower in molecular 
weight than p97 (Figure 4A). Isoelectric focusing re- 
vealed little difference between p97 and sp97 (Figure 4B), 
a result that was anticipated, since only a single charged 
residue is lost in the sp97 construct. The multiple bands 
observed in the isoelectric focusing gel are due to charge 
herterogeneity in the expressed proteins. 

L49-sFv-bL was expressed in soluble form in an E . coli 
strain that was transformed with the plasmid shown in 
Figure 3. Quantitation of L49-sFv-bL-containing samples 
was performed using an immunoassay in which the 
fusion protein was captured onto microtiter plates that 
were coated with sp97. The bL enzyme activity was then 
determined using nitrocefin as a colorimetric indicator 
(37). Thus, only bifunctional fusion protein was mea- 
sured. Under the transcriptional control of the T7 
promoter and lac operon, fusion protein expression could 
be detected by SDS-PAGE analyses of cell pellets in 
cultures that were induced with IPTG at concentrations 
as low as 1.6 fi M (Figure 5A). Significant levels of toxicity 
were observed when the IPTG concentration exceeded 90 
AM. resulting in inhibition of cell growth and in the 
eventual outgrowth of cell populations that did not 
express fusion protein. Typically, 50 pM IPTG induction 
was used for large scale experiments, since this led to 
higher levels of fusion protein expression without sig- 
nificant levels of cytotoxicity. It was also found that 
expression of L49-sFv-bL was enhanced at lower tern- 
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Figure 5. SDS-PAGE analyses of L49-sFv bL expression and 
purification. (A) Induction of L49-sFv~bL at various IFTG 
concentrations (30 °C, total cellular protein, 12% Tris-glycine 
SDS-PAGE, Coomassie staining, nonreducing conditions). The 
band corresponding to L49-sFv-bL is indicated with arrows. (B) 
Western analysis with rabbit polyclonal anti-bL: (lane 1) 

periplasm; (lane 2) L49-sFv~bL standard (12% Tris-glycine 
SDS-PAGE, nonreducing conditions). (C) Purification of 
L49~sFv~bL: (lane 1) periplasm; (lane 2) flow through from the 
sp97 affinity column; (lane 3) material that eluted from the sp97 
column at pH 11; (lane 4) material that bound and eluted off 
the phenylboronic acid column (12% Tris-glycine SDS-PAGE, 
Coomassie staining, nonreducing conditions). (D) Comparison 
of L49-sFv-bL to chemically prepared L49-Fab'-bL: (lane 1) L49- 
Fab'-bL; (lane 2) L49-sFv~bL (10% Tris-glycine SDS-PAGE, 
Coomassie staining, nonreducing conditions) . 



peratures, such that protein yields were higher at 23 or 
30 °C compared to 37 °C. Similar results have been noted 
for the expression of antibody fragments and other 
recombinant proteins in E. coli (38). 

In shake flask cultures, 80% of active material was 
present in the periplasm of the bacterial cells, with the 
remainder present in the culture supernatant. Conven- 
tional techniques for releasing the periplasmic contents, 
such as sucrose/lysozyme spheroplasting or osmotic 
shock, resulted in only a limited release of the available 
protein. Freeze-thawing or sonication of cells to release 
total cytoplasmic material did not result in an increased 
yield of functional fusion protein. It was found that a 
higher yield of fusion protein could be obtained by 
treating cell pellets with a solution of the detergent 
Nonidet-P-40. The levels of L49-sFv-bL in samples that 
were treated with this detergent ranged from 2.5 to 8 
mg/L culture, approximately 4 times the amount ex- 
tracted by other techiques. Western analysis (Figure 5B) 
with rabbit polyclonal antiserum raised to bL showed 
that most of the bL-containing protein in the preparation 
was approximately 63 kDa in molecular mass (theoretical 
molecular mass 66.5 kDa). Small amounts of truncated 
fragments and aggregated material were also detected. 

Purification of L49-sFv-bL. The purification of L49- 
sFv-bL was achieved according to a two-step affinity 
chromatography procedure. Periplasmic preparations 
from shake flask cultures were first applied to an 
immobilized sp97 affinity column that could bind the L49 
portion of the fusion protein. After extensive washing, 
bound material was eluted at pH 1 1.2 (Figure 5C). Acidic 
pH conditions (pH 2.2) also eluted the fusion protein, but 
caused protein precipitation. The sp97 chromatography 
purified material was approximately 70% pure by size 
exclusion HPLC and SDS-PAGE, with the contaminants 




Figure 6. Competition binding assay. 3677 cells were incu- 
bated with various combinations of the test samples (L49, L49- 
sFv-bL, L49-Fab -bL, and FITC-modified whole L49), keeping 
the total mAb concentration (test sample 4- L49-FITC) constant 
at 400 nM. Fluorescence intensity was determined by fluores- 
cence activated cell sorter analysis. 

consisting of two bands of approximately 33 kDa molec- 
ular mass. The second step of the purification involved 
binding the material to immobilized phenylboronic acid, 
a resin that binds to the active sites of ^-lactamases. This 
led to the recovery of protein that was pure by SDS- 
PAGE analysis (Figure 5C,D). Size exclusion chromato- 
graphic analysis of the fusion protein indicated the 
presence of a single component that eluted in the 
expected molecular mass range (data not shown). In 
contrast, L49-Fab'-bL, which was prepared by combining 
maleimide-substituted bL with L49-Fab'-SH according to 
previously described methods ( 10 , 23 ) , displayed signifi- 
cant levels of heterogeneity by SDS-PAGE (Figure 5D). 

L49-sFv-bL Characterization and Activity. In 
view of the detergent-based release of L49-sFv-bL from 
the bacteria, it was important to demonstrate that 
isolated fusion protein had been correctly processed and 
transported into the periplasm, such that the pelB leader 
sequence was cleaved from the amino terminus of the 
V H region. This was determined by subjecting the 
purified fusion protein to N- terminal amino acid sequence 
analysis. The sequence obtained (EVQLQES) was iden- 
tical to the expected Vh amino terminal sequence, 
indicating that the leader sequence was proteolytically 
clipped, as designed. 

The binding characteristics of the sFv portion of the 
fusion protein were determined using a fluorescence- 
activated cell sorting assay in which fusion protein and 
FITC-modified whole L49 competed for binding to cell- 
surface antigens on SK-MEL 28 melanoma cells. L49- 
sFv-bL and the L49 Fab'-bL chemical conjugates bound 
equally well to the cell line, but not as well as bivalent 
whole L49 mAb (Figure 6). More detailed information 
about binding was obtained using surface plasmon 
resonance, which allowed the measurement of the on and 
off rates of L49-sFv-bL binding to the p97 antigen 
immobilized on a gold surface (Table 1). This assay 
established that the binding affinity of the fusion protein 
to the p97 antigen (Kd — 1.0 nM) was comparable to those 
of L49 Fab' (Kd = 0.73 nM) and chemically produced L49- 
Fab'-bL conjugate (K D =1.3 nM). 

Enzymatic activity assays of the bL portion of L49-sFv- 
bL were undertaken using nitrocefin as the substrate 
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Table 1. Binding and Enzyme Kinetic Parameters of 
L49- and bL-Containing Proteins 3 
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a Values shown are the average of a minimum of two indepen- 
dent experiments, except for L49-Fab' bL (binding experiment 
performed once). The range of values obtained in Michaelis- 
Menten kinetic analyses was within 5% of the means. Nitrocefin 
was used as an enzyme substrate. b Not applicable. c The r2~l bL 
contains mutations at positions 286-290 compared to the wild type 
enzyme {22). d Chemically prepared conjugate containing the wild 
type enzyme. e Not determined. 




POM or CCM Concentration (M) 

Figure 7. Cytotoxic effects of mAb-bL + CCM combinations 
on 3677 melanoma cells as determined by the incorporation of 
t 3 H] thymidine into DNA. 3677 cells were incubated with the 
mAb-bL conjugates, washed, and treated with CCM for 1 h. 
The effects were compared to cells treated with CCM or PDM 
for 1 h without prior conjugate exposure and to cells that were 
treated with saturating amounts of unconjugated L49 prior to 
conjugate treatment. 

(Table 1). Michaelis— Menten kinetic analyses confirmed 
that the fusion protein retained the full enzymatic 
activity of the mutant bL enzyme from which it was 
derived {22). Thus, both the binding of the L49 mAb and 
the enzymatic activity of the E. cloacae r2-l bL were 
preserved in the fusion protein. 

The cytotoxic effects of L49-sFv-bL in combination with 
CCM were determined on 3677 human melanoma cells, 
which express the p97 antigen (Figure 7). The experi- 
ments were performed by treating the cells with the 
conjugates, washing off unbound material, adding various 
concentrations of CCM, and using [ 3 H] thymidine incor- 
poration as a measure of cytotoxic activity. The prodrug 
CCM (IC 50 = 16/^M) was approximately 50-fold less toxic 
to 3677 cells than the drug PDM (IC 50 = 0.3 juM). As 
expected, L49-sFv-bL and L49-Fab'-bL were equally 
effective at prodrug activation, and the combinations 
were equivalent in activity to PDM. This indicates that 
prodrug conversion by both conjugates was efficient 
under the conditions tested. In addition, it was found 
that activation was immunologically specific, since L49- 
sFv-bL did not activate CCM on cells that were saturated 
with unconjugated L49 before being exposed to the fusion 
protein. 

In Vivo Localization. Biodistribution studies of L49- 
sFv-bL and L49-Fab'-bL were carried out in nude mice 
bearing sc 3677 melanoma tumor xenografts. The con- 
jugates were injected iv, and at various time points 
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Tumor Liver Spleen Kidney Blood 

Figure 8. Pharmacokinetics of L49 sFv-bL in nude mice (three 
animals/group). L49-sFv bL was injected intravenously, tissues 
were removed and extracted at the indicated times, and the 
/2-lactamase activity was determined using nitrocefin as a 
substrate. (A) Clearance of L49-sFv~bL from the blood. Injected 
dose was 4 mg/kg. (B) L49-sFv bL levels in subcutaneous 3677 
melanoma tumors and in normal tissues. Injected dose was 1 
mg/kg. 

tissues were removed and extracted under alkaline 
conditions to disrupt antigen- antibody interactions. The 
samples were then trapped with polyclonal antiserum to 
bL, and bL activity was measured using nitrocefin as a 
colorimetric indicator {37). Control experiments in which 
L49-sFv-bL was directly injected into excised tumors and 
tissues indicated that this extraction procedure recovered 
90% of the injected bL activity. 

L49-sFv-bL cleared very rapidly from the blood (Figure 
8A). The initial and terminal clearance half-lives (/j /2 a 
and tmfi, respectively) were 0.3 and 2.5 h, respectively, 
leading to a 10 4 reduction of L49-sFv-bL blood levels 
within 24 h of conjugate administration. In spite of this 
rapid clearance, relatively high intratumoral levels of 
L49-sFv-bL were measured compared to normal tissues, 
and the ratio remained high for 24 h (Figure 8B). At 4 
h post L49-sFv-bL administration, the tumor to blood 
ratio was 13:1. The ratio increased substantially with 
time and was 105:1 within 24 h of conjugate administra- 
tion (Table 2). Similar results were obtained using L49- 
sFv-bL doses of 4 mg/kg. At this dose, very high tumor 
to blood ratios (141 — 150:1) were measured 24—48 h after 
the conjugate was administered. Interestingly, chemi- 
cally produced L49-Fab'-bL cleared quite slowly from the 
blood and had only a 5.6:1 tumor to blood ratio 72 h after 
administration. Thus, L49-sFv-bL localizes in tumors, 
clears rapidly from the systemic circulation, and has 
significantly improved pharmacokinetic properties com- 
pared to the chemically produced L49-Fab'-bL conjugate. 

Therapeutic Activity. In vivo therapy experiments 
were performed using the L49-sFv-bL/CCM combination 
in nude mice with established sc 3677 tumors. This 
particular tumor model has previously been shown to be 
resistant to treatment with doxorubicin, PDM, and CCM 
(10). In the experiments reported here, conjugate treat- 
ment was initiated 7-8 days after tumor implant, at 
which time the tumors were approximately 130 mm 3 in 
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% injected dose/g (SD) 



treatment 3 


time (h) 


tumor 


liver 


spleen 


kidney 


blood 


L49-sFv-bL, 1 mg/kg 


4 


1.1 (0.2) 


0.021 (0.002) 


0.014 (0.008) 


0.027 (0.015) 


0.084 (0,04) 


tumor/tissue ratios 




1 


52 


79 


41 


13 


L49-sFv~bL, 1 mg/kg 


12 


0.53 (0.17) 


<0.003 


<0.003 


<0.003 


0.008 (0.001) 


tumor/tissue ratios 




1 


>177 


>177 


>177 


66 


L49~sFv bL, 1 mg/kg 


24 


0.21 (0.01) 


<0.003 


<0.003 


<0.003 


0.002 (0.001) 


tumor/ tissue ratios 




1 


>70 


>70 


>70 


105 


L49-sFv-bL, 4 mg/kg 


12 


0.73 (0.02) 


<0.003 


<0.003 


<0.003 


0.009 (0.001) 


tumor/tissue ratios 




1 


>240 


>240 


>240 


81 


L49-sFv-bL, 4 mg/kg 


24 


0.29 (0.05) 


<0.001 


<0.001 


<0.001 


0.002 (0.0002) 


tumor/tissue ratios 




1 


>290 


>290 


>290 


141 


L49-sFv-bL, 4 mg/kg 
tumor/tissue ratios 


48 


0.15 (0.07) 

1 


nd 6 


nd 


nd 


0.001 (0.0002) 
150 


L49-Fab , -bL, 1.8 mg/kg 


72 


0.28 (0.26) 


0.015 (0.003) 


0.010 (0.006) 


0.016 (0.005) 


0.05 (0.015) 


tumor/tissue ratios 




1 


19 


28 


18 


5.6 



a Mice (three animals/group) were injected with conjugates, and at the times indicated, tissues were excised and extracted to remove 
the conjugate. The percent injected dose was based on the measured bL activity compared to standard curves obtained from extracted 
tissues that were spiked with known amounts of L49-sFv-bL or L49-Fab , -bL. b Not determined. 
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Figure 9. Therapeutic effects of L49-sFv-bL/CCM combinations in nude mice (six mice/group) with sc 3677 melanoma xenografts. 
Conjugates were injected, followed at various times by CCM (arrows on the A'-axis). The average tumor volumes are reported until 
most or all of the animals were cured (tumors that became nonpalpable for >10 tumor volume doubling times) or until an animal 
was removed from the experiment due to tumor outgrowth. (A) L49-sFv-bL (1 mg/kg/injection) 12 h before CCM; (B) L49 sFv-bL (1 
mg/kg/injection) 24 h before CCM; (C) L49-sFv-bL (4 mg/kg/injection) 24 h before CCM; (D) L49-sFv-bL (4 mg/kg/injection) 48 h 
before CCM. 



volume. CCM was then administered 12, 24, or 48 h 
later, and the treatment protocol was repeated after 1 
week. Maximum tolerated doses are defined as those 
that led to <20% weight loss and no treatment-related 
deaths and were within 50% of the dose at which such 
events took place. A tumor was considered as having 
been cured once it was not palpable for at least 10 tumor 
volume doubling times, based on the tumor growth of 
untreated animals (tumor volume doubling time was 4 
days). If an animal was removed from the experiment 
because of tumor growth, the data from the entire group 
were no longer plotted, but the remaining animals were 
followed for tumor size and general health. 



The maximum tolerated doses of CCM (300 mg/kg/ 
injection) and PDM (3 mg/kg/injection) when adminis- 
tered weekly for three rounds induced 2 and 6 day delays 
in tumor outgrowth, respectively (data not shown). In 
contrast, pronounced antitumor activity was obtained in 
mice that received L49-sFv-bL prior to treatment with 
CCM (Figure 9). Therapeutic efficacy was schedule and 
dose dependent. Tumor cures were obtained in all of the 
animals that received CCM (125 and 175 mg/kg/injection) 
12 h after treatment with L49-sFv-bL (Figure 9A). In 
this dosing schedule, significant antitumor activity in- 
cluding four cures in the group of six mice was obtained 
when the CCM dose was reduced to 75 mg/kg/injection. 
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The remaining two animals in this group had tumors that 
underwent partial regressions but eventually began to 
grow after the last prodrug treatment. There were no 
apparent toxicities in any of these treatment groups. 

Significant antitumor activity could also be achieved 
when the prodrug was administered 24 h post conjugate 
administration, either by increasing the prodrug dose and 
keeping the conjugate dose constant at 1 mg/kg/injection 
(Figure 9B) or by increasing the conjugate dose to 4 mg/ 
kg/injection (Figure 9C). In both cases, the majority of 
tumors were cured, again with no evidence of toxicity. 
Finally, therapeutic efficacy was also obtained with a 48 
h interval between conjugate and prodrug administration 
(Figure 9D). Tumor regressions were obtained in all of 
the mice in these groups, and three of six animals that 
received 275 mg/kg/injection CCM were cured. Thus, the 
antitumor activities of L49~sFv~bL in combination with 
CCM were pronounced, and therapeutic efficacy was 
achieved in a variety of dosing schedules. 

DISCUSSION 

We have previously demonstrated that mAb— bL con- 
jugates activate cephalosporin-containing prodrugs in an 
immunologically specific manner and such combinations 
lead to regressions and cures of established tumors in 
mice ( 6 , 10, 24, 36). These conjugates were prepared by 
combining maleimide-substituted bL with thiol-contain- 
ing mAbs and then subjecting the resulting mixtures to 
purification procedures that involved affinity and size 
exclusion chromatographic steps. Although care was 
taken to control the degree of protein modification and 
to isolate principally monomeric material, SDS— PAGE 
analysis generally has indicated the presence of ag- 
gregates, dimers and lower molecular mass components 
in the conjugate preparations. This is exemplified in 
Figure 5D, which shows that chemically produced L49- 
Fab'-bL contains several species besides the expected 
product at 92 kDa. Such heterogeneity is most likely due 
to the lack of specificity inherent in the reagents used 
for protein modification (39). While a number of elegant 
methods, such as reverse proteolysis (16, 40—42) and 
terminal amino acid group modification (43), have been 
devised to overcome this problem, these techniques can 
still lead to considerable product heterogeneity. 

An alternative approach toward the preparation of 
uniform and well-defined antibody— enzyme immunocon- 
jugates has involved recombinant technology for the 
production of fusion proteins. This has led to the 
development of L6-sF v~ Bacillus cereus /9-lactamase (19) 
and anti~pl85HER2-Fv~fT. coll /Mactamase (20) fusion 
proteins, both of which were capable of effecting prodrug 
activation in vitro. More detailed biological studies have 
been reported with a recombinant anti-CEA-Fab-/Lglu- 
curonidase fusion protein, which activated a doxorubicin 
prodrug in vitro and in vivo (4). The distinguishing 
features of these fusion proteins are that they are 
homogeneous and potentially can be made in reproduc- 
ible and economical manners. In the work described 
here, we have utilized recombinant methodology for the 
production of L49-sFv-bL. It was possible to express 
soluble fusion protein in E. coli such that denaturation 
or refolding was not required for activity. L49-sFv-bL 
was purified using a two-stage affinity chromatography 
method leading to the isolation of a homogeneous product 
that was fully active with respect to both the L49 and 
bL components. As expected, the fusion protein was able 
to bind to melanoma cells that expressed the p97 antigen 
and activate a cephalosporin mustard in an immunologi- 
cally specific manner. 



To minimize systemic, nontargeted drug release in 
vivo, a high mAb— enzyme tumor to normal tissue ratio 
is needed before the prodrug is administered. To attain 
the required localization index in mice, the time between 
conjugate and prodrug administration has varied signifi- 
cantly from one system to another. For example, the 
delay between conjugate and prodrug was 3 days for 96.5- 
Fab'-bL (molecular mass 92 kDa) (10), 1 week for the anti 
CEA-Fab~/9-glucuronidase fusion protein (molecular mass 
250 kDa) (4), and 2 weeks for the ICR12— carboxypepti- 
dase G2 conjugate (molecular mass range of 233—316 
kDa) (9). In some cases, it has even been necessary to 
accelerate systemic conjugate clearance in a separate step 
involving the formation of immune complexes before 
prodrug could be administered (5, 44, 45). Here, we have 
shown that L49-sFv~bL not only clears very rapidly from 
the systemic circulation (Figure 8 A) but also preferen- 
tially localizes into subcutaneous tumor xenografts (Fig- 
ure 8B; Table 2). The very high tumor to nontumor 
fusion protein ratios obtained within 4— 12 h of conjugate 
treatment would lead to the prediction that, in contrast 
to other enzyme/prodrug systems (4, 9, 10), therapeutic 
efficacy would not require protracted time intervals 
between conjugate and prodrug administration. This has 
now been experimentally confirmed, since cures of es- 
tablished tumors were obtained when CCM was admin- 
istered 12 h following the conjugate (Figure 9A). 

It is noteworthy that a correlation can be made 
between the outcome in the therapy experiments (Figure 
9) and the pharmacokinetic data (Figure 8; Table 2). At 
a given conjugate dose, the intratumoral concentration 
decreased with a half-life of approximately 8 h (Table 2). 
This may be due to a variety of factors such as dissocia- 
tion of the conjugate from the antigen, membrane recy- 
cling, enzyme metabolism, and rapid tumor growth. The 
net result is that longer time intervals between conjugate 
and prodrug administration require that the amount of 
either prodrug or conjugate be increased to maintain 
therapeutic efficacy (Figure 9). 

In conclusion, we have shown that recombinant L49- 
sFv-bL has properties that are well suited for site- 
selective anticancer prodrug activation. The fusion 
protein is homogeneous, localizes in solid tumor masses, 
and clears very rapidly from the systemic circulation. In 
these respects, L49-sFv-bL has significant advantages 
over the L49~Fab'~bL chemically produced conjugate. 
Finally, we have shown that L49-sFv-bL/CCM combina- 
tions lead to cures of established melanoma tumors 
without toxic side effects. Currently, we are optimizing 
the treatment protocols and are investigating the effects 
of L49-sFv-bL/prodrug combinations in several carcinoma 
tumor models. 
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